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Abstract  XI 
‘’Laser Welding of Advanced High Strength Steels’’ 
Essam Ahmed, Welding and Joining Institute, Mechanical Engineering Faculty, RWTH Aachen University, 
Aachen, Germany 
Abstract 
This research work focuses on characterization of CO2 laser beam welding (LBW) of dual 
phase (DP) and transformation induced plasticity (TRIP) steel sheets based on 
experimental, numerical simulation and statistical modeling approaches. 
The experimental work aimed to investigate the welding induced-microstructures, 
hardness, tensile properties and formability limit of laser welding butt joints of DP/DP, 
TRIP/TRIP and DP/TRIP steel sheets under different welding speeds. The effects of 
shielding gas types and flow rates on the weldability of DP/TRIP steel sheets were also 
studied. The simulation of laser welding of DP/TRIP steel sheets through welding induced-
temperature field, thermal cycles, residual stresses and distortions using Sysweld 2010 
software v12.0 was the second goal of this research. Also stretch formability (Erichsen 
test) was simulated in this step using Abaqus/CAE software v6.9-1. The aim of statistical 
modeling was to predict and optimize laser welding of DP/TRIP steel sheets in industry 
through applying a three-factor-three-level Box-Behnken statistical design with full 
replication as a design of experiment (DoE) approach to design the experiments, develop 
mathematical models and optimize the welding operation. This was achieved by controlling 
selected welding parameters: laser power, welding speed and focus position.  
The experimental results showed that the CO2 LBW is a successfully welding process for 
butt joining of DP and TRIP steels sheets. The LBW of DP/TRIP steel sheets is 
successfully numerically simulated using the finite element (FE) code SYSWELD when 
using a 3D Gaussian distribution heat source model with a conical shape. There are good 
agreements between the experimental- and FE- results during simulation of stretch 
formability of DP/TRIP steel weldments when using von Mises yielding model as yielding 
criterion. Statistically, mathematical models were developed to predict the required 
responses (mechanical properties, weld bead geometry and unit welding operation cost) of 
laser welding of DP/TRIP steel sheets. It was found that the welding speed is the most 
significant parameter during laser welding of DP/TRIP steel sheets. 
 
Keywords: DP steel, TRIP steel, laser welding, hardness, formability, tensile test, Erichsen test, 
shielding gases, finite element, Sysweld, Abaqus, statistical modeling, Design-Expert 
1 Introduction and objectives  1 
1 Introduction and objectives 
1.1 Brief overview 
The production and development of new materials such as dual phase (DP), 
transformation induced plasticity (TRIP) and twinning induced plasticity (TWIP) steels play 
an essential role in the transportation industries for the 21st century. These materials are 
motivated by two factors: customer expectations (design, performance, fuel consumption, 
corrosion, low cost usage, etc.) and the legal requirements (tightening environmental 
regulations, crash safety, emissions, etc.). These factors give the guarantee to maintain 
the sound ecology for the 21st century.  
The characterization of laser welding process of DP and TRIP steels as new 
automotive materials by experimental, numerical and statistical approaches 
represents one of the most forward looking aims for many researchers in the last 20 years. 
Experimentally, the characterization and optimization of the material and deformation 
behavior of welded structures can be done by trial and error. But this procedure is very 
expensive and time consuming and in addition not suitable to separate the influence of 
different parameters on the welding result. By the nature of welding it is impossible to 
analyze these effects e.g. phase transformations or other material properties on distortions 
and residual stresses. In contrast to the experimental procedure, the simulation of the 
welding process using finite element (FE) is able to separate the influence of each welding 
parameter and to provide a detailed understanding of the various effects on distortions and 
residual stresses while welding.  
Welding simulation is considered as one of the major drivers that will shape the future of 
the welding technology in the 21st century. Simulation can be used to predict the physical 
phenomena, joint geometry and microstructure during the welding process, and thus can 
partially replace the expensive, time-consuming and experience-based trial-and-errors in 
the development of new welding procedures. Simulation of the laser welding process 
enables estimation of weld geometry, transient stresses, residual stresses and distortions. 
Also, the numerical simulation is being gradually adopted by industry to envisage the sheet 
formability properties of new materials (as base metals or weldments). Very useful 
simulations for stretch forming and deep-drawing processes have been developed by 
using several commercial codes based on incremental or inverse approaches. Essentially, 
the incremental codes are based on implicit or explicit methods and take into consideration 
2  1 Introduction and objectives 
large elastic-plastic strains and contact conditions with friction between the tools and the 
sheet.  
Statistics has been successfully applied in many engineering fields, including welding. In 
contrast to the conventional one-factor-at-a-time approach, nowadays, application of 
design of experiment (DoE), evolutionary algorithms and computational network are widely 
used to develop a mathematical relationship between the welding process input 
parameters and the output variables of the weld joint in order to determine the welding 
input parameters that lead to the desired weld quality. Statistics provides a means to 
simultaneously deal with problems of multiple input variables. A good statistical design can 
use as few runs as possible to gain as much information as possible. Statistical analysis 
can be used to identify important factors and their interactions and to provide models that 
can be used for predicting results or consequences and for in-depth understanding of the 
physical processes involved. The statistics has been used for analyzing the influence of 
welding parameters on weld quality, expulsion limits, etc. The new statistical designs 
consider all factors simultaneously and hence provide the possibility for evaluation of all 
the effects at once.  
1.2 Objectives of the study 
The most industrialized countries have to achieve within 2008-2012 a 5.2% gas emissions 
reduction according to Kyoto Protocol (a protocol to the United Nations Framework 
Convention on Climate Change). For European Union it has to be of 8%. The use of DP 
and TRIP steels in transportation industries has the potential to effect cost and weight 
savings (energy consumption and gas emissions reduction) while improving performance 
[1, 2, 3]. This study firstly aims to characterize the laser welding of DP/DP, TRIP/TRIP 
and DP/TRIP steel sheets by focusing on microstructures, microhardness, tensile 
properties (uniaxial tensile test) and formability (Erichsen test) aspects of the weldments. 
The second goal is using numerical simulation methods to predict the weld bead shape 
and dimensions, temperature distribution and laser welding-induced residual stresses and 
distortion. Also, the simulation of stretch formability (Erichsen test) of advanced high 
strength steels is included in this goal. The final goal is attempting to statistical modeling 
for the laser welding process to describe the weld bead profile (i.e. depth penetration and 
weld zone width), tensile test, limited dome height and laser welding operation costs, 
finally study the laser welding parameters effects on the heat input, the weld bead profile, 
tensile strength, limited dome height and costs.
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In this chapter the previous literature related to the current study will be discussed. Firstly 
the metallurgy and formability aspects of advanced high strength steels (AHSS) will be 
investigated. Afterwards, studies which focused on LBW induced phenomena such as 
temperature field, residual stresses and distortions will be overviewed. The application and 
evaluation of finite element analysis (FEA) methods in welding process and formability 
issues will be studied. Finally, the application of statistical modeling in welding fields will be 
shown. 
2.1 Advanced high strength steels (AHSS) 
The use of AHSS is increasing in popularity for almost every vehicle maker. They are the 
result of a never-ending quest for a material that allows increased fuel efficiency while 
allowing for ease of manufacturability, performance and styling. The AHSSs include dual 
phase (DP)-, transformation induced plasticity (TRIP)-, ferritic-bainitic (FB)-, complex 
phase (CP)-, martensitic (M)- and twinning induced plasticity (TWIP)- steels. The 
relationships between yield strength, ultimate tensile strength and total elongation of 
different types of steels are shown in Fig. 2.1. 
  
Fig.  2.1: Relationships between yield strength, ultimate tensile strength and total elongation 
2.1.1 Dual phase (DP) steels  
DP steels consist of a ferritic matrix containing a hard martensitic second phase in the 
form of islands. Increasing the volume fraction of hard second phases generally increases 
the strength. DP (ferrite plus martensite) steels are produced by controlled cooling from 
the austenite phase (in hot-rolled products) or from the two-phase ferrite plus austenite 
phase (for continuously annealed cold-rolled and hot-dip coated products) to transform 
some austenite to ferrite before a rapid cooling transforms the remaining austenite to 
martensite [4, 5]. 
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Fig. 2.2a shows a schematic microstructure of DP steel which contains ferrite plus islands 
of martensite. The soft ferrite phase is generally continuous, giving these steels excellent 
ductility. When these steels deform, strain is concentrated in the lower-strength ferrite 
phase surrounding the islands of martensite, creating the unique high work hardening rate 
exhibited by these steels. 
The work hardening rate plus excellent elongation give DP steels much higher ultimate 
tensile strength than conventional steels of similar yield strength (YS). The DP steel 
exhibits higher initial work hardening rate, higher ultimate tensile strength (TS), and lower 
YS/TS ratio than the similar yield strength of high strength low alloy steel (HSLA). 
In DP steels, carbon enables the formation of martensite at practical cooling rates by 
increasing the hardenability of the steel. Manganese, chromium, molybdenum, vanadium, 
and nickel, added individually or in combination, also help increase hardenability. Carbon 
also strengthens the martensite as a ferrite solute strengthener, as do silicon and 
phosphorus. These additions are carefully balanced, not only to produce unique 
mechanical properties, but also to maintain the generally good welding capability. 
However, when welding the highest strength grade (DP700/1000) to itself, the weldability 
may require adjustments to the welding practice [6]. 
The influence of the volume fraction and morphology of martensite, as a hard phase, on 
DP steel properties was investigated by a number of authors [7, 8, 9]. The growth of the 
volume fraction of martensite results in increased yield point, tensile strength and impact 
strength of DP steels. This effect was only observed for the volume fraction of martensite 
Vm ~ 55%. At higher Vm values, the authors observed a decrease of strength properties, 
which they explain by a decreased carbon concentration in martensite. 
2.1.2 Transformation induced plasticity (TRIP) steels  
The microstructure of TRIP steels is retained austenite embedded in a primary matrix of 
ferrite. In addition to a minimum of 5 volume percent of retained austenite, hard phases 
such as martensite and bainite are present in varying amounts. TRIP steels typically 
require the use of an isothermal hold at an intermediate temperature, which produces 
some bainite. The higher silicon and carbon content of TRIP steels also results in 
significant volume fractions of retained austenite in the final microstructure. A schematic of 
TRIP steel microstructure is shown in Fig. 2.2b. 
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   a- DP steel 
 
 
 
 
   b- TRIP steel 
Fig.  2.2: A schematic of DP and TRIP steels microstructure 
During deformation, the dispersion of hard second phases in soft ferrite creates a high 
work hardening rate, as observed in the DP steels. However, in TRIP steels the retained 
austenite also progressively transforms to martensite with increasing strain, thereby 
increasing the work hardening rate at higher strain levels. This is illustrated in Fig. 2.3, 
where the engineering stress-strain behavior of HSLA, DP and TRIP steels of 
approximately similar yield strengths are compared. The TRIP steel has a lower initial work 
hardening rate than the DP steel, but the hardening rate persists at higher strains where 
work hardening of the DP begins to diminish [6]. 
 
Fig.  2.3: Total elongation of TRIP350/600, DP350/600 and HSLA350/450  
TRIP steels use higher quantities of carbon than DP steels to obtain sufficient carbon 
content for stabilizing the retained austenite phase to below ambient temperature. Higher 
contents of silicon and/or aluminum are used to accelerate the ferrite/bainite formation [10, 
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11]. Thus these elements assist in maintaining the necessary carbon content within the 
retained austenite. Suppressing the carbide precipitation during bainitic transformation 
appears to be crucial for TRIP steels. Silicon and aluminum are used to avoid carbide 
precipitation in the bainite region [12, 13]. The strain level at which retained austenite 
begins to transform to martensite can be designed by adjusting the carbon content. At 
lower carbon levels, the retained austenite begins to transform almost immediately upon 
deformation, increasing the work hardening rate and formability during the stamping 
process.  
Both Al-alloyed TRIP and Si-alloyed TRIP steels were investigated with the diode laser 
welding process in terms of fusion zone (FZ) metallurgical and mechanical properties. It 
was found that the FZ of the Al-alloyed steel has a multiphase microstructure, containing 
skeletal ferrite, bainitic ferrite, martensite and retained austenite of two different 
morphologies. In contrast, the Si-alloyed steel FZ consists almost entirely of martensite 
[14,15, 16]. Bead-on-plate CO2 laser welding of 800 MPa TRIP steel was carried out under 
various power, welding speed and shield gas. It was concluded that the porosity fraction 
was reduced with increasing the welding speed and using argon (Ar)-helium (He) mixed 
shield gas compared to Ar gas. Elongation and formability were improved using low power 
or Ar-He mixed gas compared with high power or Ar gas [17]. TRIP780/mild350 and 
TRIP780/DP980 steel sheets were successfully welded by Yb: YAG laser welding [18]. 
The results indicated that the laser welds exhibit excellent strength and hardness with 
minimal defects which are attributed to the high beam quality, disk type of laser. The 
influence of welding parameters on mechanical properties and microstructural 
characterization of joint 2.4 mm in thickness HDT580X steel have been presented [19]. It 
was shown that the tensile strength of welded joints are at the same level as that of the 
base material and the maximum hardness in the heat affected zone (HAZ) and weld does 
not exceed 300 HV. The solidification mechanism via microstructure observation and 
evaluating of the mechanical properties of DP, M and Si-TRIP steels during the Nd-YAG 
laser welding were carried out [20]. It was shown that for all samples the weld zone (WZ) 
is constituted by martensite. It was also found for M steel, the hardness in the WZ is close 
to that of the base metal and the HAZ only shows a decrease related to the presence of 
austenite and bainite. This may not hold true to all cases, for example for high Al-alloyed 
TRIP steels, it was found that ferrite was one of the predominant phases in the FZ due to 
the ferrite-stabilizing property of Al. In the HAZ of lower strength steels such as DP600, 
austenite formation will be higher at closer proximity to the FZ and the percentage of 
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martensite in the HAZ decreases with increased distance away from the FZ. The 
characteristics of Nd: YAG laser welded 600MPa grade TRIP and DP steels were 
investigated [21]. The authors found that the maximum hardness obtained in WZ 
increased with increasing welding speed in both steels and the tensile strength, yield 
strength and elongation of TRIP were all higher than those of DP steel. The diode laser for 
welding high-resistance steels of different thicknesses, which may form part of tailored 
blanks: ferritic microalloy (ZStE), DP and TRIP steels was investigated [22]. It was found 
that the welding of TRIP steels has certain limitations in its application to tailored blanks, 
but its properties show a marked improvement for that application after a post-welding 
heat treatment.  
2.2 Tailor welded blanks (TWBs) 
2.2.1 Definition and history 
Tailor welded blanks (TWBs) are rapidly gaining popularity in the automotive industry as 
they allow materials that may be different in thickness or material properties or both, to be 
combined in a single pressed and stamped part in order to improve product performance. 
Fig. 2.4 shows the automotive part applications for TWB (tailor steel). 
 
Fig.  2.4: Automotive part applications for TWBs (Tailor Steel) 
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When TWBs were first used in production is somewhat unclear. In 1967 Honda tried to use 
a TWB for a body side ring but the creation of TWBs were too costly with available welding 
processes at the time. One source stated that full production of TWBs started in 1985 in 
Germany for the Audi 100. Another source indicates that in the early 1980’s TWBs were 
used in the Audi 80. The TWBs industry is growing at an ever increasing rate. In 1993 
usage in Europe was about 3 million blanks, reaching 50 million by 2000. One estimate 
puts the worldwide use of TWBs at 150 million blanks per year by 2007. Another estimate 
states a usage of 15 million in 1997 and estimates 40-60 million by 2000. A fourth source 
indicated 50 million were used in Europe in 2000 and could reach 80 million by 2001. It 
was also stated that usage in the United States was 30 million in 2000. A final source 
listed usage in North America at 20 million in 1999 and projected use at 90 million by 
2005. One source listed that in the year 2000 GM had 20 body parts made from TWB 
while DaimlerChrysler had 18 and Ford had 10. Another listed these figures for the same 
year at 65 and 50 for General Motors and DaimlerChrysler, respectively. The cause for this 
difference is not apparent. According to the press release of a material supplier, about 
15% of the body structure of a car is made of TWBs parts, which will increase to 25–30% 
in the next 5 10 years [23, 24]. 
2.2.2 Benefits  
Initially, the main goal for TWBs was to reduce the weight in attempts to meet fuel 
efficiency standards. The majority of weight savings is achieved by using thick material in 
locations that require the higher strength and thinner material in areas that do not, instead 
of thick material for the whole part. Additional benefits that result from using TWBs include 
a decrease in noise from the vehicle, a reduction in material waste and decreased 
stamping costs. Noise is reduced as more of the car is welded together in a rigid weld 
rather than bolted, riveted or spot welded. Waste is reduced by using thinner material in 
some areas and by not using any material in large openings. 
2.3 Formability of AHSS 
2.3.1 Elastic and plastic deformation 
Linkage between the stress- and deformation tensors can be based on a classical 
understanding of the linearly elastic material. The law determining the dependence 
between stress and deformation in a linearly elastic material was formulated by Robert 
Hooke in 1678: the elongation is proportional to the force.  
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The modern formulation of this law is slightly more extended: for any point of the deformed 
body, the components of the elastic strain tensor linearly depend on the components of the 
stress tensor. In a general case, the matrix of elastic properties contains 36 components. 
At the same time, from the elastic properties point of view, the majority of the materials can 
be considered as practically isotropic materials. This fact allows reducing the number of 
coefficients down to two. These are: module of normal elasticity E and shear modulus G. 
They are related to each other this way: E/G = 2(1 + ), where  is the Poisson’s 
coefficient. 
When the body is subjected to a load, the initial deformation of the body is entirely elastic 
(after load removal the body returns to its initial undeformed shape). For a certain critical 
combination of the applied stresses, plastic deformation first appears in the body. A law 
defining the limit of elastic behavior is called a yield criterion. In developing a mathematical 
theory of the yielding criterion, it is necessary to introduce several idealizations: 
 the influence of the strain rate and thermal effects is negligible; 
 the Bauschinger effect and hysteresis loop are disregarded; 
 the material is isotropic. 
The experimental facts show that yielding is unaffected by uniform hydrostatic tension or 
compression. This phenomenon allows us to introduce important simplifications into the 
yielding criterion definition [25]. 
2.3.2 Failure modes 
Many attempts were carried out to investigate and understand the weldability and failure 
modes of advanced high strength steels [26, 27, 28, 29, 30, 31]. The forming behavior of a 
TWB was influenced by many factors such as material property changes in FZ and HAZ of 
the weld, the effects of the weld on the strain distribution, failure site and crack 
propagation and nonuniform deformation due to the differences in thickness, properties, or 
surface characteristics [32, 33, 34, 35]. In previous research on failure of TWBs in biaxial 
stretch forming, two distinct failure modes have been observed. If the thickness and 
strength ratios of the two sheets are such that weld line movement is limited during 
forming, failure tends to initiate in the hardened weld metal and propagate perpendicularly 
into the base metal. On the other hand, if there is significant weld line movement due to 
strength or thickness mismatch, the failure tends to occur parallel to the weld in the weaker 
of the two base metals when the ultimate tensile stress is exceeded. However, a third 
failure mode, namely failure at the HAZ, has been recently observed in TWBs of high 
strength steels due to the softened zone formation. Furthermore, failure in the softened 
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HAZ occurred irrespectively of the orientation of the weld to the rolling direction. As a 
result, it is clear that HAZ softening can deteriorate the formability of advanced high 
strength steel TWBs. However, details of failure initiation and propagation on a microscale 
level during biaxial testing are still unknown.  
2.3.3 Formability simulation 
Simulation of tensile test and stretch forming of parent materials and the TWBs with and 
without application of counter pressure was done by using commercially available FE 
codes (such as LSDYNA, ABAQUS, AutoForm, Isopunch, Pamstamp, Cosmos/M, etc.) 
based on incremental or inverse approaches during the last 20 years. Essentially, the 
incremental codes are based on implicit or explicit methods and take into consideration 
large elastic-plastic strains and contact conditions with friction between the tools and the 
sheets. 
The analysis of a weld produced with a fusion process distinguishes three main zones, 
usually referred to as the weld metal (WM), HAZ and the base metal (BM). In a defect free 
weld, global mechanical behavior depends on the mismatch in mechanical properties 
between the different welded zones, its dimension and loading mode. It is important to 
determine the influence of the presence of a soft material on the overall mechanical 
behavior of the joint. However, the experimental analysis of the stress–strain distribution in 
a welded joint is a very difficult task. Indeed, the non-linearities involved in the process, 
such as the different elastoplastic behavior of the various welded zones, its geometries, 
the non-homogeneous strain and stress distribution makes all possible experimental 
analysis very complicated. Using numerical simulation it is possible to analyze individually 
the various phenomena that occur in a tensile test of a welded joint.  
The influence of the mismatch between material properties and constraint on the plastic 
deformation behavior of the HAZ of welds in high strength steels is investigated using FE 
simulations [36, 37, 38, 39].  
The tools in stretch forming or in deep drawing were modeled either with rigid shell 
elements or with analytical rigid and the blank was modeled either by shell or by solid 
elements [40, 41, 42, 43, 44]. The coefficient of friction between blank and the punch and 
blank and the die should be taken into consideration [45, 46]. The formability of laser 
welded blanks by determining the weld material properties, and outline how the weld 
properties were used in the FEA simulation was investigated [47]. The authors did not find 
any softening in the HAZ and hence soft zone properties were neglected during FE 
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simulations. In another work, FEA was used to simulate biaxial stretch forming of two 
types of laser welded blanks by incorporating hard and soft zone properties [48, 49]. It was 
concluded that the limiting dome height (formability) of a welded blank that exhibits a soft 
zone depends on the nature of the flow properties (both strength coefficient ‘K’ and strain 
hardening exponent ‘n’ values) of the soft zone compared to the base metal. 
2.4 Finite element method: Application in welding 
The basic concept of the finite-element method is one of discretization. The FE model is 
constructed in the following manner: a number of finite points are identified in the domain 
of the function and the values of the function and its derivatives, when appropriate, are 
specified at these points. The points are called nodal points. The domain of the function is 
represented approximately by a finite collection of sub-domains called finite elements. The 
domain is then an assemblage of elements connected together appropriately on their 
boundaries. The function is approximated locally within each element by continuous 
functions that are uniquely described in terms of the nodal-point values associated with the 
particular element.  
A very important step towards resolving of any kind of deformation and stress problem in 
welding applications is to find the most appropriate resolution of the temperature 
distribution. Over the years many different scientific approaches to the solution of this 
problem were developed. Among those: a whole series of analytical models, from the 
simplest 1D solutions to complicated 3D models taking into account 3D heat source 
distribution and heat losses from work piece surfaces, finite difference (FD) analysis and 
FEA. 
Over the time the main techniques for solving heat transfer problems were changing with 
growing computer capacity. In the list introduced above the solutions are ranged in 
"chronological" order. The analytical solutions were introduced over 70 years ago. Then 
about 30 years ago numerical methods (FD and FE) were introduced as solutions for the 
heat transfer problems. To be more precise, finite difference method (FDM) was 
introduced to the welding applications in the early 60s. And the first published materials 
concerning FEA in welding made its appearance ten years later. The part of the doctoral 
thesis of Professor Ola Westby was the first publication concerning the use of FE method 
for mechanical problems in welding applications. But FEA methods gained a wide 
acceptance only over the last decade [25]. 
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Analytical methods are capable of computing with reasonable accuracy temperature 
distributions in geometrically simple weldments [50, 51, 52]. The accuracy of the analysis 
is reasonably high in dealing with temperature changes in areas not so close to the 
welding heat source. An advantage of this method is that it allows us to analyze the effect 
of the main factors: welding parameters, main dimensions of the work piece and material 
properties and the computing time for solving the analytical models usually has a range of 
100÷102 s. One of the main drawbacks of the analytical solution is that it does not give 
possibility to solve non-linear problems [25]. 
The use of FDMs is more a transition between analytical and FE methods. The main 
advantage of the FD method is that it is rather simple and easily understandable physically 
(the variables are: temperature, time, and spatial coordinates; in contrast to some 
mathematical functional, involved in FEA solution). But with this method, approximation of 
curvilinear areas is quite complicated. In addition, the FD methods use uniform steps over 
the space co-ordinates (it is possible to avoid this but it also severely complicates the 
task). 
Over the past 20 years the FE method has become the most popular and powerful 
technique of solving the heat transfer problems [53]. During these years, together with the 
powerful super computers, many different commercial programs based on FEA showed up 
on the market [54, 55, 56]. Now to create a very complicated model we do not have to 
write the long tangled programs manually. There are several commercial packages with 
user-friendly programming environment, with understandable graphical interfaces that are 
able to help the user to create the program just by some mouse clicks. In the earliest 
developments of FE methods all the attention was drawn to the development of effective 
finite elements for the solution of specific problems. However, more general techniques 
were developed as soon as the great potential of the method was discovered. A schematic 
of welding simulation fields and objectives is shown in Fig. 2.5. 
2.4.1 Welding – induced temperature field 
One objective with heat transfer analysis in welding applications is to determine the 
temperature fields in an object resulting from conditions imposed on its boundaries. The 
quantity that is sought is the temperature distribution, which represents how temperature 
varies within positions in the object. When this distribution is known, the conduction heat 
flux calculated at any point in the medium or at the surface may be computed from 
Fourier’s law. By the action of a heat source to a workpiece, the thermal processes will be 
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resulting. These are influenced by input variables such as the geometry of the heat source 
and their energy distribution. The supplied, stored and dissipated heat is dependent on the 
thermal properties of materials such as: thermal conductivity, specific heat capacity, heat 
of fusion and vaporization [57, 58, 59, 60, 61, 62, 63].  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  2.5: A schematic of welding simulation fields and objectives 
2.4.2 Welding – induced stresses  
Stresses arising during the welding process are referred to as internal or locked-in 
stresses. Internal stresses are those which exist in a body without external forces applied. 
Internal stresses subdivide into macro- and micro-stresses (first, second, and third order). 
Welding stresses can also be classified, according to these characteristics, by lifetime 
(temporary or residual), direction (longitudinal and transversal) and origin (thermal stress 
caused by nonuniform temperature distribution; stresses caused by the plastic deformation 
of the metal and stresses caused by phase transformations) [25, 64, 65].  
Welding stresses can be classified by these characteristics: lifetime, direction and origin. 
According to the first characteristic, welding stresses can be temporary or residual. The 
temporary stresses do exist only in a specific moment of the non-stationary process of 
heating and cooling the detail. The residual stresses can be found after the whole process 
of welding is completed and structure is cooled down to the room temperature. 
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Directionally the welding stresses subdivide into longitudinal (parallel to the welding 
direction) and transversal (perpendicular to the weld seam). By origins the welding 
stresses are subdivided into: thermal stress (caused by nonuniform temperature 
distribution), stresses caused by the plastic deformation of the metal and stresses caused 
by phase transformations. 
2.4.3 Welding – induced distortions 
The welding deformations (in other terms: "shrinkage", "distortion" or "warpage") can be 
classified as: transverse shrinkage, longitudinal shrinkage, angular shrinkage, rotational 
distortion, bending distortion and buckling (see Fig. 2.6). Transverse shrinkage: shrinkage 
perpendicular to the weld centerline, longitudinal shrinkage: shrinkage in the direction of 
the weld line, angular distortion caused by nonuniform temperature distribution in the 
through-thickness direction, rotational distortion: angular distortion in the plane of the plate 
due to thermal expansion or contraction, bending distortion: distortion in a plane through 
the weld line and perpendicular to the plate and buckling: distortion caused by 
compressive stresses inducing instability when the plates are thin. 
 
Fig.  2.6: Various types of welding distortion 
2.4.4 Numerical simulation of laser welding 
Over the last decade or so, a number of researchers have been working in the area of 
analytical as well as FE-based numerical simulation techniques to predict the temperature 
fields during LBW process using the moving heat source model. 
There are several research articles dealing with the temperature fields and shape of the 
FZ of laser beam welds related to different process parameters by using numerical 
models, and experimental work [66, 67, 68]. The influence of phase transformations on 
residual stresses induced by the welding process of ASTM SA 516 steel by 3D and 2D 
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numerical models was investigated. The authors examined the influence of phase 
transformation on the residual stress induced by the welding process, by comparing the 
results obtained with the described differences in the analyses. They found that both 
volume changes due to phase transformations and transformation plasticity have a great 
influence on the residual stress induced by the welding process [69]. A FE method to 
assess thermal and mechanical fields in terms of temperature, stress, and strain 
distributions was employed in laser-welded joints made of 6056T4 aluminum alloy [70]. It 
was shown that an improvement in results may be expected with quadratic interpolation 
between nodes for mechanical analysis rather than linear interpolation. Residual stress 
and distortion of LBW for aluminum lap joints were numerically calculated considering the 
major physical phenomena associated to the LBW process [71]. It was found that the main 
advantage of the developed model is its generality and flexibility, as it is independent of 
any empirical parameter, enabling its application in parametric studies of a wide range of 
LBW problems of different geometrical, material and joint type, requiring only the basic 
mechanical and thermal material properties.  
2.5 Statistics: Application in Welding  
Welding input parameters play a very significant role in determining the quality of a weld 
joint. The joint quality can be defined in terms of properties such as weld-bead geometry, 
mechanical properties, and distortion. Generally, all welding processes are used with the 
aim of obtaining a welded joint with the desired weld-bead parameters, excellent 
mechanical properties with minimum distortion. Nowadays, application of DoE, 
evolutionary algorithms and computational network are widely used to develop a 
mathematical relationship between the welding process input parameters and the output 
variables of the weld joint in order to determine the welding input parameters that lead to 
the desired weld quality. A comprehensive literature review of the application of these 
methods in the area of welding has been introduced herein. This review was classified 
according to the output features of the weld, i.e. bead geometry and mechanical properties 
of the welds [72, 73]. 
Generally, the quality of a weld joint is directly influenced by the welding input parameters 
during the welding process; therefore, welding can be considered as a multi input multi-
output process. Unfortunately, a common problem that has faced the manufacturer is the 
control of the process input parameters to obtain a good welded joint with the required 
bead geometry and weld quality with minimal detrimental residual stresses and distortion. 
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Traditionally, it has been necessary to determine the weld input parameters for every new 
welded product to obtain a welded joint with the required specifications. To do so, requires 
a time-consuming trial and error development effort, with weld input parameters chosen by 
the skill of the engineer or machine operator. Then welds are examined to determine 
whether they meet the specification or not. Finally the weld parameters can be chosen to 
produce a welded joint that closely meets the joint requirements. Also, what is not 
achieved or often considered is an optimized welding parameters combination, since 
welds can often be produced with very different parameters. In other words, there is often 
a more ideal welding parameters combination, which can be used if it can only be 
determined. In order to overcome this problem, various optimization methods can be 
applied to define the desired output variables through developing mathematical models to 
specify the relationship between the input parameters and output variables. In the last two 
decades, DoE techniques have been used to carry out such optimization.  
Response surface methodology (RSM) is considered one of the statistical methodologies 
which are widely used to predict the weld bead geometry and mechanical properties in 
many welding processes. So in the next paragraphs, the RSM will be briefly discussed. 
2.5.1 Response surface methodology (RSM)  
RSM is a collection of experimental strategies, mathematical methods and statistical 
inference that enable an experimenter to make efficient empirical exploration of the system 
of interest. RSM can be defined as a statistical method that uses quantitative data from 
appropriate experiments to determine and simultaneously solve multi-variable equations.  
2.5.2 Response surface models  
In the above sequential approach, the well-known regression analysis is employed for 
fitting models. All the regression model building methods and tools for checking the 
adequacy of the model are therefore appropriate in the RSM. Assume Y to be the 
observed value of a response variable which depends upon the levels x1, x2,..xk of some k 
quantitative factors. The response function is then written as: 
 =  	(
, 
, … . 
) +                                                                                                                                  2.1 
where   is the noise or error term in observing the response. E(y), the expected value of 
y, is known as the response surface which is more likely to be non-linear than linear. For a 
graphical display of the estimated response surface, contour plotting is often employed. 
The linear response surface model can be expressed as Eq. 2.2: 
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where b0 and bi are the unknown parameters and   is the residual. 
The quadratic response model can be expressed as Eq. 2.3 and consists of all the linear 
terms, square terms, and linear interactions. 
 =   +   
 +  bx +    

 +



                                                                                2.3

  
General polynomial response surface models can be rewritten in matrix form as equation  
 =  
 +                                                                                                                                                        2.4 
where x is the data matrix and b is the parameter vector. To estimate the unknown 
parameters, a set of data x and their responses y are provided. Supposing Y and x are the 
sets of responses and the data matrix, the least square method is used to estimate the 
unknown parameters using Eq. 2.5. 
 =  (

)
                                                                                                                                               2.5 
To use the least square method, the number of the design points should be more than the 
number of unknown parameters to avoid the singularity of the matrix. Once the unknown 
parameters are obtained, the closed-form response surface models can be used to 
evaluate the response at a given point instead of the real computational simulations. In this 
way, the computational cost for optimization can be significantly reduced. 
2.5.3 Applications of response surface methodology in welding 
Mathematical models using RSM to study the direct and interaction effects of welding 
parameters on the weld geometry were developed [74, 75, 76, 77, 78]. 
The influence of electron beam welding (EBW) parameters, namely electron beam power, 
welding velocity, distance from the main surface of the magnetic lens to the focus point 
and the distance between the magnetic lens and the sample surface on the welding depth 
and width was investigated [79]. The experiment was performed with samples of austenitic 
stainless steel, type X6CrNiTi18-10 (1H18N9T, Poland Standard.) Also, the desirability 
approach was used to find the optimal welding conditions which would lead to the desired 
depth and width. The author has suggested the use of the developed models for online 
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control of the process. This allows the selection of the optimal levels eliminates the time 
required for testing and prevents losses of components. 
The effect of the laser welding parameters on the bead geometry of 2.5 mm thick 
X5CrNi18-10 (AISI304) stainless steel has been studied [80]. In this study the relationship 
between the process parameters (beam power, welding speed and beam incidence angle) 
and the weld bead parameters (penetration, bead width and area of penetration) has been 
developed using RSM. To verify the developed models a conformity test run was carried 
out using intermediate values of the process parameters. It was confirmed that the models 
developed were accurate since the error percentages were between - 4.317% and 
3.914%. It was demonstrated that the depth of penetration and penetration area increase 
as the beam power and the beam angle increase. Also, as the welding speed increases, 
the width decreases, whereas the penetration depth and area increase to an optimum 
value and then decrease with further increases in welding speed. This is due to the fact 
that the effect of key holing is predominant at lower speed and as the welding speed is 
increased the mode of heat transfer changes from key holing to conduction type of 
welding. It was reported that the variation in the bead width is slightly affected by the 
process parameters. The RSM had been applied to investigate the effect of laser welding 
parameters (laser power, welding speed and focal point position) based on four responses 
(heat input, penetration, bead width and width of HAZ) in CO2 laser butt-welding of 
medium carbon steel plates of 5 mm thick. They found that the heat input plays an 
imported role in the weld-bead parameters; welding speed has a negative effect while 
laser power has a positive effect on all the responses. The previous models have also 
been used to optimize the process [81, 82]. Two optimization criteria were considered; the 
desirability approach was used to find the optimal conditions in the numerical optimization. 
They reported that full penetration has a strong effect on the other bead parameters. Also, 
strong, efficient and low cost weld joints could be achieved using the optimal conditions. 
The relationship between EBW parameters (beam power, welding velocity and focus 
position) and weld-depth and weld width using RSM in order to improve the quality of the 
process in mass production has been established [83]. They reported that the optimal 
process parameter values when welding stainless steel are: power 6.5-8 kW, welding 
velocity 11.667-1.333 mm/s and focus position 78 mm below the sample surface. 
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3 Experimentation procedures, results and discussion 
In this chapter, the characterization of continuous wave (CW) CO2 LBW of DP600/DP600, 
TRIP700/TRIP700 and DP600/TRIP700 steel sheets is studied representing welding 
induced - microstructure, microhardness, tensile properties (uniaxial tensile test) and 
stretch formability (Erichsen test). The design and process details of specimen 
preparation, laser welding parameters and different steps which followed the welding 
process will be shown.  
3.1 Experimental Design 
3.1.1 Base materials characterization 
3.1.1.1 Materials selection 
Two commercially available types of steels, DP and TRIP, were used in this work. These 
steels are ideal for meeting auto industry requirements for weight reduction and safety. 
The materials were provided by ThyssenKrupp steel AG (Germany). DP600 steel was 
received in a hot-rolled, galvanized condition and with a thickness of 2.5 mm while 
TRIP700 steel was received in a cold-rolled, galvanized condition and with a thickness of 
1.25 mm.  
3.1.1.2 Chemical composition 
The two steels were chemically analyzed by the optical emission spectrometer (Spectrolab 
M ‘SPECTRO’). The carbon equivalent was calculated for each steel by Yorioka (CEN), 
International Institute of Welding (IIW) and Ito-Bessyo (PCM) [84]. 
3.1.1.3 Microstructure  
Both an Optical Microscope (OM) and a Scanning Electron Microscope (SEM) were used 
to characterize the microstructure of the base materials. 
3.1.1.4 Retained austenite content  
A quantitative measurement of retained austenite present in the TRIP steel was carried out 
by X-ray diffraction measurements using Co K
α
 radiation. The volume fraction of austenite 
was calculated from the integrated intensities of (111), (200), (220) and (311) austenite 
and (110), (200), (211) and (220) ferrite peaks according to ASTM E975-03 [85]. 
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3.1.2 Description of the welding process 
Bead-on-plate DP600/DP600, TRIP700/TRIP700 and DP600/TRIP700 steel sheet welds 
were produced with 6 kW CW CO2 beam laser. Butt joint configurations with the weld line 
oriented parallel to the rolling direction were obtained in all welds. In all the cases, the 
focused spot size is 0.3 mm diameter approximately. The CO2 laser was operated in CW 
mode and the power density was adjusted for keyhole (deep penetration) welding. Two 
groups of welding sets were conducted in this work, the first group (group A) studies the 
effects of welding speed on weldability of DP/DP, TRIP/TRIP and DP/TRIP steel sheets. 
The second group (group B) was carried out to study the influences of type and flow rate 
of shielding gas on the weldability of DP/TRIP steel sheets weldments. In group B, the 
position of the focus of the CO2 laser was at the top of the surface. The welding 
parameters were summarized in Table 3.1 while the experimental setup of group B was 
shown in Fig. 3.1. In group A, shielding was provided by feeding ultra-high purity He with a 
gas flow rate of 20 l/min to achieve good shielding of the weld pool with laminar flow. He, 
mixtures of He + Ar. Ar and without shielding gas (welding in atmosphere) were used to 
study the effect of shielding gas on the weldability of DP600/TRIP700 steel sheets (group 
B). 
Group A: Effect of welding speed (DP/DP, TRIP/TRIP and DP/TRIP steel sheets) 
 DP/DP  steel TRIP/TRIP steel DP/TRIP steel 
Applied power, kW 3.5 4.5 4.0 
Welding speed, m/min 1.5 2.1 3.0 2.1 3.0 3.9 2.4 3.0 3.6 4.2 
 
 
  
Group B: Effect of shielding gas (only DP/TRIP steel sheets) 
Power, kW 4.0 
Welding speed, m/min 4.2 
Experiment ID A B C D E F 
Shielding gas  type He 75He+25Ar 50He+50Ar 25He+75Ar Ar atmosphere 
Flow rate, l/min 20 
Experiment ID A G 
Shielding gas type He 
Flow rate, l/min 20 10 
Table  3.1: Laser welding parameters were used in groups A and B 
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Fig.  3.1: A schematic set-up of LBW process in group B 
3.1.3 Mechanical characterization of base metals and welded sheets 
Transverse samples were cut from representative welds for metallographic observations, 
microhardness measurements, tensile properties evaluations and stretch formability 
investigations.  
3.1.3.1 Welding induced – microstructures 
The microstructure characteristics of FZ, HAZ/FZ interface and HAZ were carried out by 
both OM and SEM. The microstructure characterization was conducted on 2% Nital etched 
samples and was observed at 200X magnification by OM and at 5000X and 10000X 
magnification by SEM.  
3.1.3.2  Microhardness distribution 
To study the hardness distribution, thin sections were cut from the representative laser 
welded specimens, mounted and polished as per the standard metallographic procedures 
to observe the microstructure across the weld from one side of parent metal to the other 
using DIN EN 1043-2: 1996 (HV 0.1) [86]. Microhardness tests were done on the etched 
specimens by traveling the indenter in a straight path across the weld at an interval of 0.1 
mm on a virtual line located in the half of the weld depth with an indentation load of 100 g 
for duration of 10 s to get the Vicker’s hardness number, see Fig. 3.2. 
DP/DP and TRIP/TRIP  DP/TRIP steel weldments 
  
Fig.  3.2: Hardness measurement intervals and virtual line 
250μm 250μm 
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3.1.3.3 Tensile test 
Room temperature uniaxial tensile testing was used to evaluate the tensile properties of 
the base metals using DIN EN 10002-1:2001 [87]. To study the effect of anisotropy, the 
specimens were tested along three directions with tensile axis being parallel (0°), diagonal 
(45°) and perpendicular (90°) to the rolling direction of the sheets. The plastic strain ratio 
(R) of the base material was evaluated using DIN EN ISO 10113 specification [88]. The 
plastic strain ratio (R) was calculated from the following equation: 
 =   =   − ( + ) =
 !"! !"!"
                                                                                                               3.1 
where w0 and l0 are the initial width and length, wf and lf the final width and length, εw the 
true width strain, εt the true thickness strain and εl is the true length strain. 
The R value was evaluated in three directions (0°, 45° and 90°) as mentioned in the tensile 
tests. The normal anisotropy (#) was calculated by using the standard formula. 
# =  ( +  2$% +  &)4                                                                                                                                 3.2 
where the subscript indicates the orientation of the specimen axis with respect to the 
rolling direction. The planar anisotropy (∆) was calculated using Eq. 3.3: 
∆ =  ( −  2$% +  &)4                                                                                                                              3.3 
To investigate the tensile properties of the welds, transverse samples were cut from 
representative welds of DP/DP, TRIP/TRIP and DP/TRIP steels according to DIN EN 895: 
1995 [89]. The crosshead speed was constant in all tensile testing and equal to 10 
mm/min. The standard tensile properties (yield stress, ultimate tensile strength and 
elongation) were determined.  
3.1.3.4 Formability test (Erichsen test) 
The formability of both base metals and welded sheets was evaluated using the Erichsen 
test according to DIN EN ISO 20482 [90]. The experimental set-up is shown in Fig. 3.3. 
The base materials and welded specimens were carefully placed to locate the weld line at 
the centre of the dome punch. A 20 mm diameter hemispherical punch was used with a 
velocity of 10 mm/min. Draw-in of the specimens was resisted by 200 kN as sheet holder 
force to assure a pure stretching condition. To minimize friction between the punch and 
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sheet, specimens were cleaned and lightly coated with graphitized grease. The fracture 
surfaces after formability testing were then examined using SEM. 
 
Fig.  3.3: Erichsen test set-up 
3.1.4 Effects of shielding gases (experiments: group B) 
Two transverse samples were cut from representative welds for each macrosection 
observations (weld dimensions), microhardness measurements, tensile properties 
determination and formability evaluations. The average of two values of weld penetration, 
ultimate strength, elongation and formability limit were recorded and used in this research.  
The weld penetration was investigated by a penetration ratio (PR) which is the ratio of 
weld penetration depth to TRIP steel thickness (PR = Dweld/TTRIP steel). Uniaxial tensile 
testing was used to evaluate the tensile properties of the base metals using DIN EN 
10002-1:2001, while tensile testing of transverse samples was evaluated according to DIN 
EN 895: 1995. In the tensile test, the strength ratio (SR) and elongation ratio (ER) were 
measured for the transverse welded specimen along tensile direction. The SR is defined 
as the ratio of the tensile strength of the weld to that of the base metal TRIP700 steel (SR 
= weld/TRIP steel). The elongation ratio (ER) is defined as the ratio of the elongation at 
ultimate strength of the weld to that of the base metal TRIP700 steel (ER = 
elongationweld/elongationTRIP steel). The formability of both base metals and welded sheets 
was evaluated using the Erichsen test according to DIN EN ISO 20482. The limited dome 
height (LDH) is the criteria in this test. Fracture ratio (FR = LDHweld/LDHTRIP steel) is defined 
as the ratio of fracture height in the weld to that in the base metal TRIP700 steel. In 
addition, fracture position and morphology on each specimen were recorded. 
d1=20 mm,  
d3=33mm,  
R2=0.75 mm,  
d2=27 mm, 
d4=55 mm,  
h1=3 mm 
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3.2 Experimental results 
3.2.1 Base materials characterization 
3.2.1.1 Chemical composition 
The chemical compositions and carbon equivalents of the investigated steels are listed in 
Tables 3.2 and 3.3.  
 
C Si Mn Al P S Cr Mo Ni Co 
% 0.0572 0.0958 0.860 0.0290 0.0260 <0.0010 0.4184 0.0056 0.0390 <0.0050 
  
 
       
C-Equiv. CEN (Yorioka) = 0.18 IIW ( Int. Inst. of Welding) = 0.29 PCM (Ito-Bessyo) = 0.13 
Table  3.2: Chemical composition and C-equivalent of DP600 Steel 
 
C Si Mn Al P S Cr Mo Ni Co 
% 0.182 0.368 1.56 1.04 0.0706 <0.0010 0.0155 <0.0050 0.0289 <0.0050 
    
 
     
C-Equiv. CEN (Yorioka) = 0.45 IIW ( Int. Inst. of Welding) = 0.45 PCM (Ito-Bessyo) = 0.28 
Table  3.3: Chemical composition and C-equivalent of TRIP700 Steel 
3.2.1.2 Base materials microstructure  
The microstructures of DP600 and TRIP700 steels were investigated using OM and SEM 
and the phases constituents were computed by quantitive analysis and XRD method. The 
OM and SEM results are shown in Fig. 3.4. It is found that the DP600 steel typically has a 
microstructure of mainly soft ferrite, with islands of hard martensite dispersed throughout. 
The strength level of these grades is related to the amount of martensite in the 
microstructure. The average ferrite grain size was found to be 5 m. The microstructure of 
TRIP700 steel consists of soft ferrite matrix with grain boundary retained austenite and 
bainite (dark spots). The volume percentages of constituents phases found in the 
investigated DP600 and TRIP700 steels are listed in Table 3.4. 
3.2.2 Weldments characterization 
3.2.2.1 Welding induced - microstructure  
Fig. 3.5 shows the macrosections of both welded blanks for different welding speeds. It 
was found that full penetrations were achieved in all weldments and the width of both WZ 
and HAZ were increased when the welding speed decreased. It can be understood that 
while increasing the heat input, the bead width is increasing where higher heat input slows 
down the cooling rate.  
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a- OM, DP600 b- OM, TRIP700 
  
c- SEM, DP600 d- SEM, TRIP700 
  
e- SEM, DP600 f-  SEM, TRIP700 
Fig.  3.4: OM and SEM investigations of base materials microstructure 
 Martensite,% Bainite,% Retained austenite, % Ferrite,% 
DP600 steel 17 - - 83 
TRIP700 steel - 16 11 73 
Table  3.4: Phase constituents in the investigated steels 
In DP/DP steel weldments, the OM and SEM were used to examine the microstructural 
variations due to the welding process, as shown in Fig. 3.6. Fig. 3.6a shows that the 
microstructure in the BM basically consists of evenly distributed body centre tetragonal 
(bct) martensite within the body centre cubic (bcc) -ferrite phase, which is somewhat 
elongated. Martensite becomes larger and its volume fraction is higher in the HAZ than in 
20μm 
10μm 
25μm 
10μm 
 2μm 
 2μm 
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the base metal, as seen in Fig. 3.6b. The FZ is nearly full of martensite as shown in Fig. 
3.6d and f.. The transition region between the FZ and HAZ is shown in Fig. 3.6c. The 
micro-constituents with martensite and ferrite in the HAZ were finer than those of either the 
base metal or the FZ. This is due to the fact that austenitizing was incomplete in the HAZ 
and even when austenite grains formed, grain growth was restricted by the formation of 
martensite and thermal cycles. While the grains are fine in the HAZ, the resulting high 
density of grain boundaries constitutes obstacles to the formation of large lath martensite. 
In LBW, the cooling rate of welding is at a very high level. The cooling rates range from 
roughly 103 to 105 °C/s for thin sheets [14].  
These cooling rates are much higher than those needed to form martensite in the weld and 
HAZ in DP steels. There is insufficient time for carbon diffusion at such high cooling rates. 
Therefore, the lath martensite is believed to form and contain very thin regions of retained 
austenite between the laths, or pockets of laths, and possibly as well some lower bainite. 
Obviously, the process with the above estimated cooling rates will lead to a significant 
amount of martensite. Moreover, the higher manganese contents in DP600 also result in a 
higher hardenability. Therefore, the high cooling rate during LBW, coupled with the higher 
manganese content, leads to the formation of martensite in the FZ and HAZ of the DP600 
steel. 
DP/DP welded sheets TRIP/TRIP welded sheets 
 
 
 
Fig.  3.5: Macrographs of DP/DP and TRIP/TRIP steel weldments 
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In TRIP/TRIP steel weldments, the microstructural analysis was carried out to examine 
the microstructural variations due to the welding process by OM and SEM, as shown in 
Fig. 3.7. The base metal (Figs. 3.7a and e) has a typical TRIP-type microstructure 
consisting of ferrite, bainite and retained austenite. The FZ and HAZ of TRIP/TRIP steel 
weldments contain primarily a martensitic structure (Figs. 3.7.b, d and f). The FZ shows 
the presence of inclusions, mainly a random distribution. The scanning electron 
microscopy analysis revealed that the inclusions present in the FZ contain complex 
morphology.  
  
a- OM, BM b- OM, HAZ 
  
c- OM, HAZ/FZ interface d- OM, FZ 
  
e- SEM, BM f- SEM, FZ 
Fig.  3.6: OM and SEM of DP/DP steel weldments microstructure for 1.5 m/min 
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The FZ showed the presence of inclusions, mainly with a random distribution and in some 
places decorating the grain boundaries. The OM investigations show that these inclusions 
are generally found at the grain boundaries and occasionally they have also been seen in 
the grain interiors. Fig. 3.7d gives an overview of the presence of inclusions in the FZ and 
shows that the columnar grain boundaries are decorated with inclusions. At the center of 
the FZ, the presence of inclusions is also found inside the equiaxed grains.  
The observation of inclusions in the FZs of low alloyed steel welds is not new; in fact, 
extensive research had been performed in the past to study the formation mechanism of 
inclusions, their effects on subsequent phase transformations, and the final mechanical 
properties of the welds. It is known that the first reaction that influences the final weld 
microstructure is inclusion formation, and the presence of strong deoxidizers such as 
silicon and aluminum in high amounts, as in the case of the TRIP steels under 
investigation, leads to the formation of oxide inclusions during welding. It is also known 
that the reaction between the dissolved alloying elements in the weld pool with the 
available oxygen, nitrogen, and carbon forms nonmetallic inclusions. In TRIP steels, strong 
oxidizing elements such as Al and Si are added to suppress the formation of cementite 
and thereby to stabilize the austenite by enriching it with carbon; however, due to the 
strong affinity for oxygen, the added Al and Si readily form oxides during welding, leaving 
the weld pool depleted of these elements [91].  
In DP/TRIP steel weldments, the weld profiles obtained are illustrated in Fig. 3.8, 
showing a fully penetrated weldment at all investigated welding speeds. The FZ exhibits 
hour-glass configuration with a concave shape at the bottom. The gravitational forces 
acting upon the liquid metal caused the concave shape. Considerable variability in the 
hour-glass shape can be expected if laser power, welding speed and flow rate of the shield 
gas were varied. The small variation in the hour-glass shape of the FZs is believed to be 
an effect of material and thickness changes. The monochrome photographs of Fig. 3.8 
clearly show larger HAZ in the TRIP700 base metal than that in DP600 base metal. 
Fig. 3.9a–l, obtained by OM and SEM, shows some examples of the microstructure at 
different regions of the DP/TRIP steel weldments. The HAZs of TRIP700 and DP600 
steels contain primarily a martensitic structure. The FZ is nearly full of martensite. The 
microstructure of the FZ displays the presence of inclusions at the columnar grain 
boundaries and occasionally they have also been seen in the grain interiors. The FZs of 
TRIP700 steels welded to DP600 exhibited microhardness values much higher.  
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a- OM, BM b- OM, HAZ 
  
c- OM, HAZ/FZ interface d- OM, FZ 
  
e- SEM, BM f- SEM, FZ 
Fig.  3.7: OM and SEM of TRIP/TRIP steel weldments microstructure for 2.1 m/min 
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2.4 m/min 3.0 m/min 
  
3.6 m/min 4.2 m/min 
Fig.  3.8: Macrographs of DP//TRIP steel weldments at different welding speeds 
The FZ of DP600/TRIP700 will be richer in chromium (Cr) since both DP600 and TRIP700 
contribute Cr. This results in a general increase in the hardness. Furthermore, the 
presence of Ni also reduces the grain size. The effect of all of these is increased hardness 
in the FZ of DP/TRIP steel weldments. 
3.2.2.2 Microhardness distribution  
Figs. 3.10a-c show the characteristic weld hardness distributions with tested welding 
speeds range measured. In all experiments, the hardness reached maximum value not 
only at the weld metal but also in the HAZ near the weld metal and decreased when 
approaching the base metal along the virtual line. There are no softened zones. The 
hardness values of DP600 and TRIP700 base metals were 200 and 260 HV respectively. 
In DP/DP steel weldments, as presented in Fig. 3.10a, the average of maximum 
hardness which achieved in FZ was 350±30 HV and represents 1.75 times of DP steel 
base metal hardness. The martensite structure allows the weld metal and HAZ near the 
weld metal to have the maximum hardness, and the decrease in the hardness of HAZ near 
the base metal results from relatively soft ferrite having a low hardness.  
In TRIP/TRIP steel weldments, as shown in Fig. 3.10b, the average of maximum 
hardness which is present in FZ was 500±30 HV and represents 1.92 times of TRIP steel 
base metal hardness. FZ microstructure of TRIP/TRIP blanks consisted of ferrite and 
martensite due to the high aluminum content [91]. Obvious researchers studied the 
microstructural evolution during welding of aluminum-based TRIP steels and showed that 
alltriomorphic ferrite was found at the fusion line and grain boundaries of 1.1% Al- TRIP 
steel welds. It is well known that Al is a strong ferrite stabilizer and promotes high 
temperature ferrite as the primary phase in the solidification process. Ferrite with skeletal 
morphology at room temperature has also been found with the solidification cooling rate as  
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 500μm 
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Fig.  3.9: OM (a-g) and SEM (h-i) of DP/TRIP steel weldments microstructure for 2.4 m/min 
high as 103 K/s. This type of skeletal ferrite has been previously identified as a remnant of 
high temperature delta ferrite that did not fully transform to austenite during cooling. 
In DP/TRIP steel weldments, as seen in Fig. 3.10c, the average FZ hardness in DP600 
sheets was 410±10 (2.05 times of DP steel base metal hardness) and in TRIP700 sheets 
was 450±20 HV (1.73 times of TRIP steel base metal hardness). Since the weld heat input 
and thus cooling rates for the specimen were similar, the difference in FZ hardness in DP 
and TRIP sheets was attributed predominantly to composition (carbon equivalent). 
 10μm  10μm 
 10μm  10μm 
 10μm 
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a- DP/DP steel weldments 
 
b- TRIP/TRIP steel weldments 
 
c- DP/TRIP steel weldments 
Fig.  3.10: Microhardness distribution of steel sheet weldments 
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3.2.2.3 Uniaxial tensile test  
Typical engineering stress–strain curves for the DP600 and TRIP700 base metals are 
shown in Fig. 3.11a and b. It was shown that there are small differences between the 
tensile properties of tested base metal specimens related to 0, 45 and 90 degree with 
rolling directions, this difference is a result of the change in volume fraction, texture and 
distribution of the second phases present in the base metals such as martensite and 
retained austenite. It was also found that the uniform strain of TRIP steel is higher than 
that of DP steel and this is related to retained austenite found in TRIP steel. The 
mechanical properties of DP600 and TRIP700 are summarized in Table 3.5. 
 
a- DP steel base metal 
 
b- TRIP steel base metal 
Fig.  3.11: Eng. Stress - eng. strain of base metals 
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In DP/DP and TRIP/TRIP steel weldments, the engineering stress-strain curves were 
shown in Fig. 3.12a and b. It was found that for all weldments, in all perpendicular tensile 
tests to the weld line, all specimens were fractured at the DP and TRIP steels base metals 
and the strengths were somewhat higher than those of DP and TRIP steels base metals.  
In DP/TRIP steel weldments, the engineering stress-strain curves were shown in Fig. 
3.12c. It was found that for all DP/TRIP steel weldments, in all perpendicular tensile tests 
to the weld line, all specimens were fractured at the TRIP steel base metal and the 
strengths were somewhat higher than those of both base metals. 
Fig. 3.13 shows the top and side views of failed base metals and DP/DP, TRIP/TRIP and 
DP/TRIP steel weldments under uniaxial tension. All DP/DP and TRIP/TRIP steel 
weldments were fractured in base metals, while in all DP/TRIP steel sheet weldments, in 
DP/TRIP steel weldments, all specimens were fractured in TRIP steel base metal (the 
thinner sheet). In Fig. 3.13, the top side of the specimen shows the bridging of two vertical 
splits initiated from the free edges of the specimen. Fig. 3.14 shows the SEM micrographs 
for fracture morphologies of the DP/DP, TRIP/TRIP and DP/TRIP steel weldments after 
tensile tests. 
3.2.2.4 Formability test (Erichsen test)  
Biaxial stretch formability testing for base metals (DP and TRIP), DP/DP, TRIP/TRIP and 
DP/TRIP steel weldments was performed by standard Erichsen testing according to DIN 
EN ISO 20482. The top views of the base metal Erichsen test specimens after fracture are 
shown in Figs. 3.15a and b. The fracture path of DP600 base metal differed significantly 
from that of TRIP700 steel. Fracture in the DP base metals followed a crescent shaped 
path around the centre of the dome. In DP steels, ferrite and martensite have 
inhomogeneous plastic deformation behaviors which eventually promoted microvoid 
formation. With increasing plastic strain, voids initiated along ferrite/martensite interfaces 
due to decohesion at the phase boundary and propagated preferentially along the 
interface. Fracture in the TRIP base metal differed as it followed a straight path located at 
a short distance (4 mm) from the centre of the dome. The orientation of the fracture path 
was parallel to the rolling direction. The fracture initiated and propagated along the 
longitudinal direction because the ductility in the perpendicular direction was exhausted. In 
TRIP steel where ferrite, bainite and retained austenite are coexisting, ferrite undergoes 
strain hardening and strain energy is accumulated by dislocation pile-up inside ferrite 
grains. The accumulated strain energy provides the mechanical driving force needed for  
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a- DP/DP steel weldments 
 
 
b- TRIP/TRIP steel weldments 
 
c- DP/TRIP steel weldments 
Fig.  3.12: Eng. Stress - eng. strain of steel sheet weldments 
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a- base metals                                            
  
              
  
              
b- steel sheet weldments 
Fig.  3.13: Top and side views of failed base metals and weldments under uniaxial tension 
  Yield stress, 
MPa 
Ultimate strength, 
MPa 
Eat UT, 
% 
R-
ratio ' ∆' 
DP600  
steel 
0° 361 553 17.75 0.97 
1.00 0.08 45° 345 558 18.78 0.92 
90° 338 560 20.11 1.19 
TRIP700 
steel 
0° 461 758 27.14 0.85 
0.96 0.01 45° 470 760 26.65 0.95 
90° 478 761 26.78 1.10 
Table  3.5: Mechanical properties of the investigated DP and TRIP steels 
  TRIP Steel   TRIP Steel DP Steel DP Steel 
  TRIP Steel      DP Steel DP Steel TRIP Steel 
   
      DP Steel TRIP Steel 
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a- DP/DP steel weldments at 1.5 m/min 
  
b- TRIP/TRIP steel weldments at 2.1 m/min 
  
c- DP/TRIP steel weldments at 2.4 m/min 
Fig.  3.14: SEM of tensile test fracture of the weldments 
the strain-induced transformation of retained austenite. Upon strain-induced 
transformation, this energy is absorbed, dislocation pile-up is relaxed and ferrite grains are 
softened. The softened ferrite grains are strain-hardened again by the strain-induced 
martensite. This process repeats throughout the process of strain-induced transformation 
of retained austenite. If the stability of retained austenite is high, the strain-induced 
transformation can proceed steadily even under high strain and thus can enhance the 
formability because the abrupt drop in strain hardenability can be prevented. In terms of 
dome height, the LDH values for DP600 and TRIP700 base metals were 10.97 and 10.45 
mm respectively.   
 20μm 
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Figs. 3.15c and d show top views of the DP/DP and TRIP/TRIP steel weldments. In both 
blanks, the crack starts from FZ (the highest hardness region) and propagates in the 
longitudinal direction (along welding line) of the weld line of DP/DP and in the 
perpendicular direction of TRIP/TRIP steel weldments. Fig. 3.15e shows top views of the 
TWBs (DP/TRIP). The crack starts from TRIP steel FZ (the highest hardness region) and 
propagates in TRIP steel sheet (the thinner sheet) with a crescent shaped path at a 
different radial distance from the weld centerline. Dissimilar properties of two pieces of 
sheet metal in TWBs (DP/TRIP steel weldments) can cause forming problems such as 
decreased formability and/or metal flow. Generally, a thinner material resists a much 
smaller force than a thicker material. When the thinner material undergoes plastic 
deformation, the thicker one is still deforming in the elastic region. This is why the TWBs 
fail at their thinner region. The punch force - displacement curves for both base metals, 
DP/DP, TRIP/TRIP and DP/TRIP (TWBs) steel weldments were shown in Fig. 3.16. There 
was a significant reduction in formability caused by the welding of steel sheets, as shown 
in Fig. 3.17, and the LDH values increased with increasing welding speed. Hence the 
formability was significantly reduced due to change in material properties during welding. 
The formability ratio for LDH results given in Figs. 3.17a and b was calculated as: 
Formability ratio = *-/ 06 789 :9;<97>*-/ 06 789 ?@>9 97@;                                                                                   3.4 
while it was calculated in Fig. 3.17c as:  
Formability ratio = *-/ 06 -A⁄DEGA :9;<97>*-/ 06 789 DEGA >799; ?@>9 97@;                                                                      3.5 
Formability was higher for blanks which were laser welded at higher welding speed. 
Specific energy input to the material reduced and faster cooling rate can be achieved with 
increase of welding speed. As shown in Fig. 3.18, the net heat input has an effect on the 
formability ratio of all weldments. The formability ratio decreases with increasing heat input 
(i.e. lower welding speed). A polynomial curve fits the data well with a regression 
coefficient (R-value) of 100% in DP/DP and TRIP/TRIP steel weldments cases and of 
99.41 % in case of DP/TRIP weldments, as shown in Fig. 3.18.  
The fracture surfaces after formability testing (Erichsen test) of both base metals and 
weldments were examined and shown in Fig. 3.19 and Fig. 3.20 respectively. The fracture 
surfaces were considered a quasi-cleavage where mixtures of dimples and some cleavage 
faces especially in the DP/DP blanks were found. 
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a- DP Steel base metal         b- TRIP Steel base metal 
  
c- DP/DP weldments, 1.5 
mm/min 
d- TRIP/TRIP weldments, 2.1 
mm/min 
 
 
 
 
e- DP/TRIP steel weldments 
Fig.  3.15: Top views of the Erichsen test after fracture of base metals and weldments  
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.  
a- DP steel base metal and DP/DP steel weldments 
 
 
b- TRIP steel base metal and TRIP/TRIP steel weldments 
 
c- DP and TRIP steel base metals and DP/TRIP steel weldments 
Fig.  3.16: Punch force vs. displacement of Erichsen test of base metals and weldments 
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a- DP steel base metal and DP/DP steel weldments 
 
b- TRIP steel base metal and TRIP/TRIP steel weldments 
 
c- TRIP steel base metal and DP/TRIP steel weldments 
Fig.  3.17: Effect of welding speed on the formability ratio of weldments 
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Fig.  3.18: Effect of heat input on the formability of weldments 
  
a- DP steel base metal 
  
b- TRIP steel base metal  
Fig.  3.19: SEM of Erichsen test fracture of the base metals 
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a- DP/DP steel weldments at 1.5 m/min 
  
b- TRIP/TRIP steel weldments at 2.1 m/min 
  
c- DP/TRIP steel weldments at 2.4 m/min 
Fig.  3.20: SEM of Erichsen test fracture of the weldments 
3.2.3 Shielding gases effects 
3.2.3.1 Effects of shielding gases on DP/TRIP steel sheets weldability 
Fig. 3.21 shows the characteristic weld hardness distributions under the tested shielding 
gases (group I) at 0.1 mm intervals along virtual line at a half of the welds. The hardness 
reached maximum value not only in the weld metal but also in the HAZ near the weld 
metal and decreased where approaching the base metal along the virtual line. Fig. 3.22 
shows the surface and cross-section morphologies of weld using different shielding gases. 
The welds of E and F conditions, shown in Fig. 3.22, had shallow penetrations and this  
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was due to the instability of the welding process as a result in the plume formation which 
consisted of the interaction between the material plasma and shielding gas plasma. Ar 
(condition E) frequently produced lots of spatter, so it produced a bad surface appearance 
for a weld bead. However, the weld of 100% He had a continuous and uniform surface 
morphology together with a stable welding process and a full weld penetration. 
 
Fig.  3.21: Hardness distribution of DP/TRIP steel weldments using different shielding gases 
These indicate that the effects of shielding gas on the laser welding are strong. The 
relationship between the PR and shielding gas was shown in Fig. 3.23. It was concluded 
that in high power CO2 laser welding, the laser induced plasma resulting from the 
ionization of the shielding gas at the laser incident point could defocus the laser energy, 
decrease the weld penetration and even bring on the disappearance of laser keyhole.   
Fig. 3.24 shows the top and side views of a failed welded sheet specimen under uniaxial 
tension. It was found that the lower the penetration ratio, the lower the strength ratio. The 
best strength ratio is achieved when 100% He is used as a shielding gas. The worst 
strength ratio was produced when shielding gas was not used (welding in atmosphere). 
Biaxial stretch formability testing for base metals and welded blanks was performed by 
standard Erichsen testing. Fig. 3.25 shows top views of formability fracture of the welded 
blanks and it shows that in A-D experiments, all fractures took place in the TRIP steel base 
material where the crack starts from FZ (the highest hardness region) and propagates in 
TRIP steel sheet (the thinner sheet) with a crescent shaped path at a different radial 
distance from the weld centerline. By decreasing the penetration ratio, the formability ratio 
also decreased and this is shown in Fig. 3.23. 
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Exp. 
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Fig.  3.22: Cross-sections and surface appearance of DP/TRIP steel weldments using different 
shielding gases 
 
Fig.  3.23: Penetration ratio (PR), strength ratio (SR) and elongation ratio (ER) of DP/TRIP steel 
weldments related to the evaluated shielding gases 
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Exp.  Fracture top view Exp.  Fracture top view 
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Fig.  3.24: Tensile test fractures appearance of DP/TRIP steel weldments using different shielding 
gases 
3.2.3.2 Shielding gases and welding process stability 
High power CO2 laser welding was characterized by the interaction between the plasma 
and incident laser beam. The height of this interaction is named interacting plasma height. 
The plasma interacting height had a significant effect on the energy transfer during the 
CO2 laser welding process and it can be mathematically described as [92]: 
I(h) ≈ I0exp(−βh)                                                                                                                                                     3.6 
where I(h) is the laser energy transmitted through plasma, I0 the laser incident energy, β 
the plasma absorption coefficient for laser energy and h is the plasma interacting height. 
The laser energy absorbed by workpiece equals to I(h).(1-R), where R is workpiece 
reflectivity. For small R, the laser energy absorbed by workpiece approximately equals to 
that transmitted through plasma. So in the CO2 welding process, the higher the interacting 
plasma height, the smaller the laser energy absorbed by workpiece and the shallower the 
weld penetration 
Shielding gas played the role of suppressing plasma plume, preventing oxidation and 
protecting the optics against spatter in laser welding. The plasma had a special period 
(formation-growth-disappearance), as noticed by a high speed camera, which was closely 
related to potential differences between the substrate and shielding gas ionization 
potentials, where the larger the difference in potential, the longer the plasma period. When 
the plasma did not exist during the period, the incident laser beam directly reached the 
workpiece and acquired full penetration. Therefore, it was necessary to remove the plasma 
plume by the shielding gas for full penetration. As the incident laser beam reached the 
base metal, the iron first ionized to Fe2+ and it formed plasma having a low ionization 
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potential (7.83 eV). The shielding gas removed the plume and it could also be directly 
ionized at its own ionized potential. 
When He was used as a shielding gas, it had a very good thermal conductivity and a 
better ability to suppress plasma formation because it had very high (24.5 eV) ionization 
potential. Thus, He had the longest plasma period and had very satisfactory penetration 
result. The plasma plume formation of He, CO2 and Ar gas was studied in previous work 
[92, 93] and it was found that the plume of He had an oval shape on the workpiece and it 
could be controlled by a very small shielding gas flow rate. Generally, Helium was known 
as the best shielding gas for achieving the required penetration and formability for high 
power CO2 laser welding. 
When Ar was used as a shielding gas, it had lower ionization potential (15.76 eV) than He 
and it had one tenth as much thermal conductivity as He. It was observed that as the 
power increased, the penetration is increased until a critical power was reached. If the 
power went beyond the critical power, penetration would suddenly decrease because the 
higher the laser power, the larger the plasma plume of Ar. Although Ar had a large 
ionization potential difference compared to iron, full penetration did not occur because Ar 
(which is a heavy and inert gas) ionized to atomic state. Thus it formed a plume which was 
largely confined to being above the workpiece [92, 93]. Therefore, Ar was very 
unsatisfactory for penetration and formability, as shown in Figs. 3.22 and 3.26. Ar also 
frequently produced lots of spatter, so it produced a bad surface appearance for a weld 
bead. Conclusively, Ar was the worst shielding gas for high power CO2 laser welding. 
According to Eq. 3.6, the lower the β value, the higher the absorbed energy by the 
workpiece. It was found that β of the He–Fe plasma was much lower than that of Ar–Fe 
[94], so the addition of Ar can decrease the laser energy absorbed by workpiece and also 
the weld penetration. When a mixture of He and Ar was used as a shielding gas, its 
ionization potential falls between the ionization potential of He (high, 24.5 eV) and of Ar 
(low, 15.76 eV). It was found that the lower the He percentage in He-Ar mixture, the lower 
the penetration, strength and formability ratios. In order to increase the shielding gas 
speed (cm/min) impacted on the interaction zone, a higher shielding gas rate (cm3/min) 
was used. The gas velocity (V) is computed by the nozzle diameter (d) and the gas flow 
rate (VHE) and can be calculated by Eq. 3.7: 
V =  $ IJK
π<L                                                                                                                            3.7 
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The gas velocities, which were examined in this research, were 7.08 and 3.54 cm/min and 
the shielding gas nozzle diameter was 6 mm. The welding process is then strongly 
affected and it was observed that the weld width is decreased, as shown in Fig. 3.27. Our 
result was accepted with the previous studies [95]. 
Exp.  Top surface Exp.  Top surface 
    
A B 
B D 
E F 
Fig.  3.25: Top views of Erichsen test specimen after fracture of DP/TRIP steel weldments using 
different shielding gases 
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Fig.  3.26: Penetration ratio (PR) and formability ratio (FR) of DP/TRIP steel weldments related to 
the evaluated shielding gases.  
  
a- 7.08 cm/min b-3.54 cm/min 
Fig.  3.27: Macrosections of the DP/TRIP steel weldments at different He speed 
3.3 Summary 
In this chapter, the basic characteristics of CO2 laser welding of DP600/DP600, 
TRIP700/TRIP700 and DP600/TRIP700 steel sheets such as microstructure, 
microhardness (DIN EN 1043-2: 1996), tensile properties (DIN EN 10002-1:2001 and DIN 
EN 895: 1995) and stretch formability (DIN EN ISO 20482) with different welding speeds 
were investigated. The experimental results can be summarized as follows: 
1. Hardness reached the maximum value at the weld metal as well as in the HAZ near 
the weld metal and decreased when approaching the base metal. The martensite 
structure allows the weld metal and HAZ near the weld metal to have the maximum 
hardness and the decrease in the hardness of HAZ near the base metal results 
from relatively soft ferrite having a low hardness. 
2. In a tensile test perpendicular to the weld axis, all specimens were fractured at the 
base metal in DP600/DP600 and TRIP700/TRIP700 steel weldments while 
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fractured at TRIP700 steel sheet in DP600/TRIP700 steel weldments and both yield 
strength and tensile strength in all studied welding speeds were somewhat higher 
than those of base metals as a result to the absence of soft HAZs and the formation 
of martensite in all the weldments. 
3. Compared to the base metals, a decrease in formability was observed for all 
weldments and the formability increased with increasing welding speed (reducing 
the heat input). A different failure path was observed between two base metals 
even with similar dome height because of the different deformation sensitivity of DP 
and TRIP steels into rolling direction. 
4. CO2 LBW process of DP600/TRIP700 steel sheets was strongly influenced by 
changing shielding gas types and speed. Where the ability of shielding gas in 
removing plasma plume and thus increasing weld penetration is influenced by the 
ionization potential and atomic weight of the shielding gas which determine the 
period of plasma formation and disappearance.  
5. Helium was better than argon as a shielding gas for achieving the penetration and 
formability for CO2 LBW of DP600/TRIP700 steel sheets, but economically, it is 
more expensive. So it is important to make a correlation between the shielding gas 
price and the desired properties. 
The CO2 LBW is a very successful process for butt joining of dual phase (DP600) and 
transformation induced plasticity (TRIP700) steel sheets because of the very narrow HAZs 
were resulted in all the weldments and the highest welding speed can be achieved. 
The reduction of stretch formability (Erichsen test) of DP/DP, TRIP/TRIP and DP/TRIP 
steel sheets due to the laser welding may be improved using post heat treatments or using 
dual beam laser welding to reduce the cooling rates resulted during the laser welding 
process.
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4 Numerical simulation (finite element) procedures, results and discussion 
In this chapter, the simulation of laser welding induced temperature field, thermal cycles, 
residual stresses and distortions of DP/TRIP steel sheets will be carried out using Sysweld 
2010 software v12.0. The stretch formability (Erichsen test) of DP/TRIP steel weldment will 
be also simulated in this chapter using Abaqus/CAE software v6.9-1. 
4.1 Simulation of welding induced phenomena using Sysweld software 
4.1.1 Welding simulation methodology 
4.1.1.1 Thermo-metallurgical analysis 
The laser welding process is characterized by the highly collimated and concentrated 
beam energy. This process makes it difficult to provide an accurate measurement of 
temperature, FZ and HAZ. Hence, the comprehensive approach for this purpose is the 
FEA. 
a- Heat diffusion model 
By the action of a heat source to a workpiece, thermal processes will be evolved. These 
are influenced by input variables such as the geometry of the heat source and their energy 
distribution. The supplied, stored and dissipated heat is dependent on the thermal 
properties of materials such as thermal conductivity, specific heat capacity, heat of fusion 
and heat of vaporization. Fig. 4.1 shows a volume element (dv = dxdydz) with an energy 
balance can be established [57, 58, 59]. 
 
Fig.  4.1: Heat flux of a volume element 
The energy balance can be described as follows:  
∫ NOPSOT + OPUOW + OPXOY Z [\] + ∫ ^_ OO] [\ = ∑ c                                                                       4.1 
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where qx, qy, qz: heat flux density, c: specific heat capacity, ρ: density, T: temperature, Q: 
supplied and dissipated heat. The Fourier heat conduction law describes the relationship 
of the heat flux with the local temperature as follows: 
dT = −eT OOT,   dW = −eW OOW ,   dY = −eY OOY                                                                            4.2 
where λx, y, z: thermal conductivity  
Substituting the Eq. 4.2 in Eq. 4.1 a balance equation is as follows: 
∫ f−eT NOLOLTZ − eW NOLOLWZ − eY NOLOLYZg [\] + ∫ ^_ OO] [\ = ∑ c                                             4.3 
The Eq. 4.3 is valid for anisotropic material behavior. For the isotropic case λh =  λj = λk =  λ, the Eq. 4.3 is simplified to: 
∫ fe N− OLOLT − OLOLW − OLOLYZg [\n + ∫ ^_ OO] [\ = ∑ c                                                             4.4 
b- Welding heat source (HS) 
Appropriate mode of heat source must be determined to describe the practical physical 
phenomena in LBW. From the literature review, it is noticed that lot of research is in 
progress that aims at defining a reliable heat source for the welding processes. Knowledge 
of the heat transfer from the welding source to the base material is essential for 
determination of the molten pool or bead shape and the subsequent solidification pattern. 
Modeling of the welding heat source for laser keyhole welding using FEM is a difficult task. 
Most researchers employed a Gaussian distribution of heat flux (W/m2) deposited on the 
surface of the workpiece as shown in Fig. 4.2. The geometric features of the Gaussian 
distribution are expressed by the following equation [96]: 
d(p) =  dexp (−up)                                                                                                          4.5 
where q(r) is the heat flux at a radius r from the heat source center, q0 is the maximum 
heat flux and C is an adjustable constant. 
Though Gaussian (surface mode) type of heat source may be used for the low penetration 
arc welding processes like gas tungsten arc welding, submerged arc welding, etc., it does 
not reflect the action of arc pressure on the molten pool surface and hence it is not suitable 
for modeling the welding processes which produces deeper penetration. A double-
ellipsoidal heat source model was predicted for these welding processes [60] as shown in 
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Fig. 4.3, which has the capability of analyzing the thermal fields of deep penetration welds 
given above.  
 
Fig.  4.2: Gaussian distribution of heat flux 
 
Fig.  4.3: Double-ellipsoidal heat source 
In this model the heat source distribution comprises of two different ellipses, i.e. one in the 
front quadrant of the heat source and the other in the rear quadrant. The power densities 
of the double ellipsoidal heat source, qf (x; y; z) and qr(x; y; z) describing the heat flux 
distributions inside the front and rear quadrant of the heat source and it can be expressed 
as: 
d"(
, , v) =  6√3 	"c{"_√| . }
~TLL . }~WLL  . }~YLL                                                                                              4.6 
d(
, , v) =  6√3 	c{_√| . }~
TLL . }~WLL  . }~YLL                                                                                              4.7 
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where Q is the energy input rate, ff and fr are the fractional factors of the heat deposited in 
the front and rear quadrant and af, ar b and c, are heat source geometry parameters. 
However, the double-ellipsoidal distribution of power density (W/m3) is still not applicable 
to the high density keyhole welding process like laser welding, electron beam welding, 
etc., which has high depth to width ratio. Laser keyhole welding produces a weld with high 
ratio of depth to width. The cross-section of the weld is of the inverted ‘‘nail head” -like 
configuration. To consider this configuration of laser weld, a new type of welding heat 
source model must be used [96]. 
In this study a 3D conical Gaussian heat source as shown in Fig. 4.4 is used to describe 
the laser beam heat input where the power density deposited region is maximum at the top 
surface of workpiece, and is minimum at the bottom surface of workpiece. Along the 
workpiece thickness, the diameter of the power density distribution region is linearly 
decreased. However, the heat density at the z-axis (central axis) is kept constant. The 
power density distribution at any plane perpendicular to the z-axis may be expressed as: 
Q = Q exp (~LL )                                                                                                               4.8 
where r and r0 are given as 
r = x + y , and r = r9 − ().(kk)(kk)   
where Q is the heat source intensity, Q is the maximum source intensity, r9 and r are  the 
(x,y) parameters of Gaussian curve in the upper plane at z=ze and in the lower plane at 
z=zi respectively. 
 
Fig.  4.4: 3D conical Gaussian heat source 
 
ri 
r0 
re 
z=zi 
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c- Initial and boundary conditions 
During the welding process, the heat was supplied to the weld pool by the laser beam. 
This heat is transferred to the metal by conduction and convection. A part of this heat 
energy is lost by free convection and radiation. The heat flux density of free convection 
(qC) can be described by the help of Newton's law as follows: 
d = . ( − )                                                                                                               4.9 
where αc is the heat transfer coefficient for convection, Tw and T0 are surface temperature 
and ambient temperature respectively. The heat transfer by radiation at the surface (d) 
can be described by the Stefan-Boltzmann law for thermal radiation as follows: 
d =  . u. ($ −  $)                                                                                                       4.10 
where u is Stefan-Boltzmann constant and ε is emission coefficient.  
Eq. 4.10 can be rewritten as follows:  
d =  {. ( − )                                                                                                            4.11 
where aR is the radiation coefficient and calculated according to Eq. 4.12: 
{ =  . u. ( )()                                                                                                             4.12 
Convection and radiation can be summarized by Eq. 4.13: 
d =  d =  d + d = ( + )( − ) =  ({)( − )                                    4.13 
The initial condition for the transient analysis is: T(x, y, z, 0) =  T(x, y, z)                                                                                                     4.14 
where T0 is the initial temperature 
d- Geometry model 
The dimensions of each welded plate were 120 mm × 35 mm. The test plate mesh mostly 
consists of 8-node hexahedron elements and is completed by some 6-nodes prism 
elements. The total numbers of solid elements and nodes are 33796 and 27490 
respectively. Due to the high thermal gradient in the FZ and HAZ, the mesh in these 
regions is considerably fine. As the temperature gradient is considerably low outside the 
HAZ, a relatively coarser mesh is deemed sufficient for analysis. The size of the mesh 
increases progressively away from the weld centre line. The mesh used in this simulation 
is shown in Fig. 4.5. 
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Fig.  4.5: FE geometry model used in the laser welding simulation 
 e- Thermo-physical properties determination 
For the FE-simulation of the transient temperature field, temperature dependent thermo-
physical data of the DP600 and TRIP700 steels were used as input data. 
The thermal diffusion coefficient as a function of temperature was measured by a laser 
flash apparatus (LFA 427 NETSCH) according to DIN EN 821/2 [97]. The room 
temperature density (ρ) was determined by a He pycnometer (AccuPyc 1330). For 
temperature-dependent specific heat capacity (cp), a differential scanning calorimetry 
method (DSC 404/So NETSCH) was used according to DIN EN 821/3 [98]. The maximum 
heating rate of 22 K/min was chosen. The physical properties were measured at RT, 200, 
400, 600, 800, 1000, 1200 and 1450°C.  
All specimens are made of the un-welded BM. Because of the very small HAZ and the 
limited molten area, no separate specimens of both regions, the WM and the HAZ have 
been investigated. Instead, integral specimens were tested in order to get the material 
data of the weld. Figs. 4.6a and b show the density, specific heat capacity and heat 
conductivity as functions in temperature. 
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By the help of Sysweld software, the physical properties (thermal conductivity (k), density 
(	) and specific heat capacity (C)) as a function in both temperature and phase proportions 
can be used. 
e(p, T) = ∑ pe(T)8@>9> , . . 	 (p, T) = ∑ p	(T)8@>9>  and  C(p, T) = ∑ pC(T)8@>9>        4.15 
 
a- DP600 steel 
 
b- TRIP700 steel 
Fig.  4.6: Physical properties of DP600 and TRIP700 steels as function of temperature 
f. Numerical solution of heat diffusion equation 
According to Eqs. 4.8 and 4.13, the necessary equations for the heat source and 
boundary conditions are satisfied.  
By substitution of Eqs, 4.8 and 4.13 into Eq. 4.4, results in the following heat balance: 
∫ e#[\] + ∫ ^_̇] [\ −  ∫ ( + ). ( − )[ + ∫ d ¡[\]  = 0                           4.16 
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Eq. 4.16 is the basis of the FE method for the heat conduction problem. If an area is 
discretized by finite elements, for an element m: 
¢ =  £¢.                                                                                                                                                                
 ¢ =  £¢.                                                                                                                                                           
# ¢ =  ¤¢.                                                                                                                       4.17 
where H
m 
interpolation of the element temperature, B
m 
interpolation matrix of the element 
temperature gradient, HA
m
 interpolation matrix of the surface temperature and T vector of 
node temperature. When Eq. 4.17 is used in Eq. 4.16, the FE equation for calculating the 
nonlinear transient temperature field is described as follows: 
[u]. §¨© + [ª«]. {} +  [ª]. {} +  [ª]. {} =  {c ¡ + c +  c}                                         4.18 
where 
[C] =  ® ¯ £¢.. u¢. £¢. [\¢
°±
²  Heat capacity matrix, 
³Kµ¶ =   ® ¯ ¤¢.. e¢. ¤¢. [\¢
°±
²  Heat conductivity matrix, 
[K·] =   ® ¯ £¢.. ¢. £¢. [¢°± ²   Convection matrix, 
[KE] =   ® ¯ £¢.. ¢. £¢. [¢°± ²  Radiation matrix, 
[Q·] =   ® ¯ £¢.. ¢. £¢. . [¢°± ²        Convection vector, 
[QE] =   ® ¯ £¢.. ¢. £¢. [¢°± ²  Radiation vector, 
[Q] =  {Q/¸ }  Heat source vector 
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For spatial approximations for a time of (t + 
t), it is necessary to specify Eq. 4.18 as a 
function of time. This results in the following equation: 
[u]. §¹ºΔ© +  [ª«]. §ºΔ© +  [ª]. §ºΔ© +  [ª]. §ºΔ© =  §c ¡ºΔ +  cºΔ +  cºΔ©     
                                                                                                                                         4.19 
In this case, the change of the temperature vector 
T is firstly determined. Thereafter, the 
temperature vector Tt + 
t is located.  
when 
 T7ºΔ7 =  T7 +  ΔT                                                                                                              4.20 
This results in the Eq. 4.21: 
[u]. »§¹© +  {
}¼ +  [ª«]. »§¹© + {
}¼ +  [ª]. »§¹© +  {
}¼ +  [ª]. »§¹© +  {
}¼ =                         §c ¡ºΔ +  cºΔ +  cºΔ©                                                                        4.21     
4.1.1.2 Thermo-mechanical analysis 
Having obtained the result of the thermal analysis, the temperature fields are used as 
predefined field for the mechanical analysis. 
a- Yielding criterion 
The material assumes elasto-viscoplastic behavior with isotropic hardening law (Mises 
plasticity model), where this criterion is particularly suitable for analysis of the behavior of 
metals: 
F»σ¾¼ = 0                                                                                                                         4.22 
¿»À¼ =  ÀÁP − Â, ÀÁP = Ã~ ÄÄ = Ã [(À − À)+(À − À~) + (À~ − À)]                   4.23 
where: Ä =  À −  À¢Å , À¢ =  ~ (À + À + À~), F is the yield function that defines the 
limit of the region of purely elastic response, Ä  represents the stress deviator 
components and À, À and À~ are the principal stresses 
b- Thermo-mechanical properties determination 
Thermo-mechanical data of DP600 and TRIP700 steels were determined by hot tensile 
tests according to DIN EN 10002-5:1992-02 [99] using a 3-zone furnace (Zwick/Roell Type 
Z020) with ± 1°C as accuracy. The room temperature tensile test was carried out 
according to DIN EN 10002-1:2001 to calculate the yield stress and elastic modulus at 
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room temperature. The crosshead speeds in both room temperature and high temperature 
tensile tests were the same and equal to 10 mm/min. The Young’s modulus, yield stress 
and thermal strains as a function of temperature and phases are plotted in Figs. 4.7a and 
b (Note: thermal strain was imported from SYSWED pre-defined DP600 and TRIP700 
steels database).  
c. FE solution for thermo-mechanical behavior  
The FE method involves the solution of the system of differential equations as follows: 
Æ. Ü + ª. É = ¿                                                                                                                4.24 
where M is the mass matrix, U is the nodal displacement, K is the stiffness matrix and F is 
the nodal forces. 
The following assumptions are made in the formulation of the model: 
 The initial temperature of the workpiece is 20°C. 
 Thermal properties of the material such as conductivity, specific heat, and density 
are temperature- and phase-dependent. 
 The convection and radiation loads are taken into consideration.  
 The laser energy completely gets transferred to the base metal by direct absorption. 
 The physical phenomena like viscous force, buoyancy force, convective melt flow, 
and Marangoni effects are neglected. 
4.1.2 Welding simulation results  
The LBW process is simulated by FE code SYSWELD 2010 v12.0 under the welding 
parameters of 4 kW as power and 4.2 m/min (70 mm/s) as welding speed. The thermal 
and mechanical calculated results will be shown and discussed below.  
4.1.2.1 Thermo-metallurgical results 
Fig. 4.8 shows a comparison between the experimental and calculated weld pool 
geometry. A good agreement is obtained between the experimental and calculated weld 
pool shape.  
The calculated and experimental thermal cycles at both upper and lower surfaces of the 
weld sheet are shown in Fig. 4.9. X1, X2 and X3 represent three points located in the 
upper surface (z=0) and at distances of 1.0, 1.5 and 2.1 mm from the weld centre line. The 
temperatures at the upper surface are higher than that at the lower surface at the same x- 
distance. A good accordance is found between experimental and simulation results. The 
disagreement between peak temperatures at some of the thermocouple positions, 
however, may be attributed to some inaccuracies in heat flux distribution̅assumed 
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constant in the model, some imprecision in the thermocouple locations with respect to the 
fusion line, relatively coarser mesh away from the FZ, and the simplifications assumed 
during numerical simulation. The heating and cooling rates are so rapid and this behavior 
characterizes the laser welding process. 
 
a- DP600 steel 
 
b- TRIP700 steel 
Fig.  4.7: Mechanical properties of DP600 and TRIP700 steels as function of temperature 
Figs. 4.10, 4.11, 4.12 and 4.13 show the 3D temperature field distribution at 0.03, 1.5, 1.7 
(welding process end) and 3.0 s. It appears that the isothermal line presents an ellipse and 
the isothermal lines are dense in front and dilute in the back of the moving heat source. 
When the laser source reaches the end of the sheet metal (t = 1.7 s), the peak 
temperature is higher than that in the middle of workpiece because the heat conducts 
weakly in the boundary of the sheet metal. It also shows that a small heating or welding tail 
is maintained behind the heat source, which is due to the heat transfer phenomenon.  
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Fig. 4.14 shows the temperature field distribution through the transverse direction (x-axis) 
to the weld line (y-axis). The curves labeled X_Top, X_Middle and X_Bottom represent 3 
lines across the weld sheet and are located at the upper surface (z = 0 mm), middle 
surface (z = -1.25 mm) and the lower surface (z = -2.5 mm) respectively. The temperature 
dropped rapidly with increasing the distance to the centre line of the weld and this 
represents one of the main characteristics of LBW rather than the other welding methods.  
 
Fig.  4.8: Experimental and numerical weld pool geometry (macrosection) 
The temperature distributions in welding direction (y-axis) at 1.5 s and in thickness (z-axis) 
direction at 0.85 s are shown in Figs. 4.15 and 4.16 respectively. Y1, Y2 and Y3 represent 
three lines parallel to the welding direction and are located at x = 0.33, 0.66 and 1 mm 
respectively and z = 0 (upper surface). Z1, Z2 and Z3 are parallel to thickness direction (z-
axis) and located at y = 60 mm and x = 0.33, 0.66 and 1 mm respectively. The 
temperature gradient in z- direction is more clearly observed in the lines Z1_DP and 
Z1_TRIP. From the obvious figures it can be seen that there is clearly variety in 
temperature distribution in space (x, y and z directions). 
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a- Top surface of DP steel plate 
 
b- Top surface of TRIP steel plate 
Fig.  4.9: Experimental and calculated thermal cycles  
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Fig.  4.10: 3D-Temperature field contour at 0.03 s 
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Fig.  4.11: 3D-Temperature field contour at 1.5 s 
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Fig.  4.12: 3D-Temperature field contour at 1.714 s (welding process end) 
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Fig.  4.13: 3D-Temperature field contour at 3.0 s 
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a- Normal scale 
 
b- Magnification scale 
Fig.  4.14: Temperature distribution at 0.86 s in x- direction 
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b- Top surface of TRIP steel plate 
 
c- Bottom surface of DP steel plate 
 
d- Bottom surface of TRIP steel plate 
Fig.  4.15: Temperature distribution at 1.5 s in welding direction 
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a- DP steel plate side 
 
b- TRIP steel plate side 
Fig.  4.16: Temperature distribution at 0.85 s in thickness direction 
4.1.2.2 Thermo-mechanical results 
During the welding thermal cycling, large strains develop in the weld region. Several types 
of deformation such as transverse, longitudinal shrinkage, rotational distortion, angular 
distortion, bending distortion or buckling can be found depending on the welding 
parameters, partial or full penetration welding and mechanical clamping conditions. 
Distortion distribution perpendicular to the plane (z- direction) at 1.0, 1.7 (end of welding 
process) and 120 s is shown in Fig. 4.17. Fig. 4.18 shows 2D and 3D distortion 
distribution in z- direction at 120 s with magnification of 20. The 3D distortion distributions 
in x and y-directions are shown in Fig. 4.19.  
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a- 1.0 s 
 
b- 1.7 s (welding process end)  
 
c- 120 s 
Fig.  4.17: 3D distortion distribution in z- direction  
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a- 3D distribution 
 
 
b- 2D distribution view 
Fig.  4.18: 3D and 2D distortion distribution in z direction at 120 s with 20x magnification 
In general, the 3D non-uniform temperature distribution during welding of a real structure 
causes a complex tri-axial stress field. The mechanical analysis was conducted using the 
isotropic hardening model. 
A stress parallel to the direction of the weld line is called longitudinal residual stress, 
denoted by the 22. The longitudinal residual stress develops from longitudinal expansion 
and contraction during the welding sequence. A stress normal to the direction of the weld 
line is known as a transverse residual stress, denoted by the 11.  
Fig. 4.20a shows the longitudinal 22, transverse 11 and through-thickness residual  33  
stresses distribution along a transverse line (perpendicular) to the welding direction and 
halfway through the weld length. The stress profiles are reported at the top layer of the 
weldpiece and plotted as a function of distance from the weld centerline. A high tensile 
residual stress arises near the weld, then decreases to zero and finally becomes 
compressive, as distance from the weld centerline increases. The residual stress is more 
than the yield stress of both DP and TRIP steels. The self-equilibrium of the weldment is 
such that the tensile and compressive residual stresses are present at the weld bead and 
A 
A 
B 
B 
A A 
B B 
74 4 Numerical simulation procedures, results and discussion 
away from the welding line on the specimen. These behaviors are similar to those found in 
the literature [69] for laser welding process. On the contrary, the transverse residual 
stresses are nearly wholly tensile and level out to 20 MPa approximately. The through-
thickness residual stresses (33) have fluctuating profiles that vary between tensile and 
compressive. Moreover, a steep transition from compressive to tensile stresses can be 
seen at the interface between the HAZ and the neighbouring base metal. 
 
a- Ux (x- direction) 
 
b- Uy (y- direction) 
Fig.  4.19: 3D distortion distribution in x and y directions at 120 s 
Fig. 4.20b shows the longitudinal (22), transverse (11) and through-thickness residual 
(33) stress distribution along a straight line parallel to welding direction and located on top 
surface of TRIP steel plate with a distance of 2.1 mm from welding centre line on the top 
surface of the welded plate. The transverse stress (11) distributions are symmetrical at the 
middle of the plate, while the tensile stresses occur at the middle of the plate, and the 
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compressive stresses occur at the end of the weld. The 3D longitudinal and transverse 
stress distributions in the plate are shown in Fig. 4.21. 
 
a- A straight line transverse to weld centre line (half plane) 
 
b- A straight line paralel to weld centre line and located in TRIP steel plate 
Fig.  4.20: Transverse, longitudinal and in-thickness residual stresses distribution at upper surface 
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a- Sigma_11 at 120 s  
 
b- Sigma_22 at 120 s  
Fig.  4.21: 3D contours of transverse and longitudinal residual stresses distribution 
4.2 Simulation of stretch formability of DP/TRIP steel weldment 
4.2.1 Materials characterization for finite element models 
4.2.1.1 Theoretical background 
In general for dissimilar welding, the transverse weld specimen had different regions 
(zones) as a result of the heterogeneous heating and cooling rates during the welding 
process. These regions are different in initial lengths, microstructures, material properties 
and plastic behavior models. R1, R2 and R3 referred to these regions and represented the 
first base metal (BM1), the HAZ and the second base metal (BM2) respectively as shown 
in Fig. 4.22. 
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Fig.  4.22: Dissimilar welding regions 
 l01, l02 and l03 are the initial lengths of R1, R2 and R3 respectively. The final length of each 
region will be different not only due to the different initial length of each region but also due 
to differences in strain in the individual weld regions during deformation. The final lengths 
of the above regions after plastic deformation were defined as l1, l2 and l3 respectively. The 
total true strain is given as: 
)(
)(lnln
3
0
2
0
1
0
321
0 lll
lll
l
lt



                                                                                              4.25 
       where l0 and l are the total initial and final lengths of the welded sample. 
The flow stress is assumed uniform along the sample and each zone is governed by its 
own constitutive equation: 
3
33
2
2211
1 nnn kkk  
                                                                                              4.26 
        where kI and n1, k2 and n2, and k3 and n3 are the strength coefficients and strain 
hardening exponents of R1, R2, and R3 respectively.  If the cross-sectional area is initially 
the same in all regions, the stress will initially be uniform throughout the sample. However, 
due to differences in mechanical properties (k- and n-values) each region will undergo 
different deformations which will lead to non-uniform strain. For each zone the strain will 
be as follows: 
i
it
i l
l
0ln
     
where i = 1- 3                                                                                              4.27 
and can be formulated as follows: 
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From this equation, it can be understood that the displacement and force developed in 
each region is governed by its strength coefficient, strain hardening exponent and initial 
length of each region in the welded sample. 
4.2.1.2 Flow stress of base metals 
The most common mechanical test is the uniaxial tensile test. One advantage is the 
uniform strain distribution, which leads to very accurate measurements. One disadvantage 
is the relatively small maximum attainable uniform strain due to plastic instability. Another 
disadvantage is that flow curves can only be determined during uniform elongation. For 
steel materials, the maximum is usually reached at strains between  = 0.05 and  = 0.25, 
although the total elongation may be more than twice as high. 
The true-stress/true-strain curves are sketched depending on the experimental 
engineering-stress/engineering-strain data using the following relationships:  
)1( ese  ,
                                                                                                               4.29 
)1ln( e
,                                                                                                                4.30 
where se, e,  and  are eng. stress, eng. strain, true stress and true strain respectively. 
For the simulation of forming processes, the flow curves are generally approximated and 
then extrapolated using different mathematical or physical models such as Hollomon, 
Swift, Ludwick, Ghosh and modified Mecking-Kocks (El-Magd model)
 
models [100, 101, 
102]. 
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modified Mecking-Kocks (El Magd)        4.35 
 where n1, n1, n2 and n4 are the strain hardening exponents for Hollomon, Swift, 
Ludwick and Ghosh equations respectively and c0, c1, c2 and c3 are constants. 
4 Numerical simulation procedures, results and discussion  79  
The fitting model parameters are listed in Table 4.1. Fig. 4.23 shows the flow curves of DP 
and TRIP steels fitted and extrapolated with the five common functions. The fitting works 
quite well for all models, whereas the extrapolation shows significant differences at higher 
strains. This point is out the importance of experimental determination of flow. The true 
stress strain relations in Fig. 4.23 can be used for the material input of Abaqus/CAE. 
DP steel TRIP steel 
Hollomon:  = 879*()0.15  
Swift:  = 904*(0.0175 + )0.182  
Ludwick:  = 420 + 678*()0.547 
Ghosh:  = 22900*(0.06 + )0.0076 -  21900  
El-Magd:  = 430 + 657* + 125*(1-exp(- 
                       27.4*))  
Hollomon:  = 1250*()0.186 
Swift:  = 1452*(0.0297 + )0.302  
Ludwick:  = 474 + 1199*()0.597 
Ghosh:  = 2093*(0.0451 + )0.18 - 695  
El-Magd:  = 503 + 1249* + 182*(1-exp(- 
                      18.8*)) 
Table  4.1: Fitting model parameters of flow stresses of DP and TRIP steels 
4.2.1.3 Materials characteristics of HAZ 
To analyze the forming processes of TWBs, the proper definition of the HAZ which 
includes the weld bead and HAZ is essential. In general, the HAZ is dependent on the 
base metals and welding conditions, so the characteristic of HAZ is difficult to consider 
uniformly. To cope with this difficulty, it is required to examine the characteristics of HAZ 
associated with HAZ widths. The uniaxial tensile test was performed to evaluate the 
mechanical behavior of HAZ using sub-size specimen as shown in Fig, 4.24. 
4.2.2 FE simulation of Erichsen test (stretch formability)  
FE models of DP and TRIP steel base metals (models Eric1 and Eric2) and DP/TRIP 
steels TWB (model Eric3) were considered. The geometry used for the simulation of the 
stretch formability process corresponds to the experimental stand is presented in Fig. 
4.25. 
Considering the geometric and material symmetry, a quarter-square blank geometry was 
used in models Eric1 and Eric2 while half-square TWB geometry (DP/TRIP steel 
weldment) was used in model Eric3. In order to obtain a practical solution, detailed 
information on the stretch formability process parameters and the blank materials is 
required for the FE simulation. The accuracy of the computed results depends on the 
selection made regarding various modeling parameters. The optimal process parameters 
were achieved after running few test simulations. During these simulations, several 
meshes (with 8 node 3D solid or 4 node shell finite elements) were considered for the 
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base metals and the TWB to obtain better relation between accuracy of the results and 
computing time. The tools (holder, die and punch) were modeled with rigid shell elements. 
The Eric3 models are carried out considering the HAZ properties or without considering 
the HAZ properties. The different meshes, were employed in the simulations, are 
summarized in Table 4.2. Fig. 4.26 shows the FE model of Erichsen test of base metals 
(models Eric1 and Eric2) and of DP/TRIP steel weldment (Eric3). 
 
a- DP600 steel 
 
b- TRIP700 steel 
Fig.  4.23: True stress - true plastic strain and fitting models of base metals 
 
Fig.  4.24: Sub-size specimen 
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a- Models Eric1 and Eric2 (base metals) b- Model Eric3 (DP/TRIP steel weldment) 
Fig.  4.25: Geometry used for FE simulation (2D view) 
 Solid elements Shell elements 
 
No. of elements through 
thick. 
No. of elements / thick. 
(5 integ. Points / thick.) 
No. of integ. points 
/thick. 
(3 elements / thick.) 
Model Eric1 
Eric11 Eric12 Eric13 Eric14 Eric15 Eric16 Eric17 Eric14 Eric18 
3 4 5 3 4 5 3 5 7 
Total no. of 
elements 7634 9938 12242 5906 6098 6290 5906 
Total no. of 
nodes 10420 120821 15222 6002 6194 6386 6002 
Model Eric2 
Eric21 Eric22 Eric23 Eric24 Eric25 Eric26 Eric27 Eric25 Eric28 
2 3 4 2 3 4 3 5 7 
Total no. of 
elements 8638 10942 13246 7275 7531 7807 7531 
Total no. of 
nodes 11470 13871 16272 7320 7593 7866 7593 
 
Model Eric3 
Solid elements Shell elements 
Eric31 Eric32 Eric33 Eric34 
Without HAZ With HAZ Without HAZ With HAZ 
Total no. of 
elements 19478 14065 
Total no. of 
nodes 24605 13920 
Table  4.2: FE models parameters of base metals and weldment 
punch 
die die die 
punch 
holder holder holder 
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a- DP and TRIP base metals models (Eric11 and Eric21) 
 
 
b- DP/TRIP steel weldment model (Eric32) 
Fig.  4.26: FE model of Erichsen test of base metals and DP/TRIP steel weldment 
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The stretch formability process simulation is accomplished in two steps: 
(i) the blank holder is moved to apply a predetermined holding force on the base metals 
(models Eric1 and Eric2) and on TWB (model Eric3), 
(ii) the punch is moved to a predetermined depth. 
In sheet metal forming processes, the boundary conditions are dictated by the contact 
established between the blank sheet and tools. Such boundary conditions are continuously 
changing during the forming process, increasing the importance of a correct evaluation of 
the actual contact surface and the kind of contact that is established in each point of the 
deformable body. A master̄slave algorithm is adopted, with the tools behaving as rigid 
bodies. The Coulomb̉s classical law models the friction contact problem between the 
rigid bodies (tools) and the deformable body (blank sheet). The friction coefficient between 
blank/ holder and blank/die was taken as 0.15, while the value of friction coefficient 
between blank (specimen) and the punch was taken as 0.05 
The blanks were considered as deformable bodies with appropriate yield criteria and 
stress–strain relations during non-linear plastic deformation to account for strain 
hardening. The yielding behavior of the blank material was considered as per von Mises 
criterion. After many attempts, the Swift and El-Magd hardening models are used as input 
material parameters in Abaqus/CAE for DP and TRIP steel respectively. 
4.2.3 Results of FE simulation of stretch formability  
Fig. 4.27 shows the experimental and numerical values of the punch force - punch 
displacement curves. The differences between the experimental and simulated values for 
the maximum punch load are shown in Table 4.3. A very good agreement between both 
results has been achieved in all models when using 8 node 3D solid finite elements for the 
specimen and when considering HAZ properties in the case of DP/TRIP steel weldment. It 
was also found that there are no effects of the number of elements or integration points 
through specimen thickness on the results of shell models. The von Mises stress and 
plastic strain distribution of model Eric13 are shown in Fig. 4.28 while Fig. 4.29 shows the 
plastic strain distribution in models Eric32 and Eric31.  
 Eric11 Eric12 Eric13 Eric21 Eric22 Eric23 Eric31 Eric32 
IEI, % 3.08 2.81 2.60 8.08 8.39 8.48 9.21 4.46 
Table  4.3: The difference between the experimental and simulation maximum punch force values 
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a- DP steel base metal (Eric1) 
 
b- TRIP steel base metal (Eric2) 
 
c- DP/TRIP steel weldment (Eric3) 
Fig.  4.27: Comparison of the force - displacement response of the Erichsen test between test 
result and simulation output 
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a- Von Mises stress 
 
     b- Plastic strain 
Fig.  4.28: Von Mises and plastic strain distribution of model Eric13 
 
a- Model Eric32 
 
b- Model Eric31 
Fig.  4.29: Plastic strain distribution of models Eric32 and Eric31 
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4.3 Summary 
The welding process causes a highly non-uniform heating of the parts being joined, which 
are then cooled down. The local heating and subsequent cooling induces volumetric 
changes producing temporary and residual stresses and deformation. This heating cycle 
causes local cyclic tension/compression behavior in plastic zones and the rate of stress 
change is proportional to the temperature gradient ahead of the source. Information about 
the shape, dimensions and residual stresses in a component after welding are of great 
interest in order to improve quality and to prevent failures during manufacturing or in 
service. Experimentally, the characterization and optimization of the material and 
deformation behavior of welded structures can be done by trial and error. But this 
procedure is very expensive, time consuming and not suitable to separate the influence of 
different parameters on the welding result. By the nature of welding, it is impossible to 
analyze these effects of e.g. phase transformations or other material properties on 
distortions and residual stresses. In contrast to the experimental procedure, the 
simulation of the welding process using finite elements is able to separate the 
influence of each welding parameter and to provide a detailed understanding of the 
various effects on distortions and residual stresses while welding. 
In this chapter, the simulation of laser welding induced temperature field, thermal cycles, 
residual stresses and distortions of DP/TRIP steel sheets will be carried out using Sysweld 
2010 software v12.0. The stretch formability (Erichsen test) of DP/TRIP steel weldment will 
be also simulated in this chapter using Abaqus/CAE software v6.9-1. The following points 
can be drawn: 
1. 3D Gaussian distribution heat source model with a conical shape gives a good 
description for the heat input during the welding process. 
2. The temperature distributions are quickly changed during the welding process with 
the variety of time and space (x, y and z). This is considered one of the main 
characteristics for the laser welding process. 
3. The simulation of stretch formability (Erichsen test) for the DP600/TRIP700 steel 
weldments is achieved by the software code Abaqus v6.9-1. There are good 
agreements between the experimental- and FE- results when considering the 
following points: HAZ properties, Swift and El-Magd models as plastic behavior 
(hardening) criteria of DP600 and TRIP700 base metals respectively and finally von 
Mises model as yielding criteria.
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5 Statistical modeling procedures, results and discussion 
5.1 Preface 
Nowadays, optimization techniques are called into play every day in questions of industrial 
planning, resource allocation, scheduling, laboratory processes, etc. Classic optimization 
can be done by varying any of the process parameters and keeping the other parameters 
constant. When multiple variables are involved, it becomes difficult to study the system 
using the common approach of varying only one factor at a time while holding the others 
constant. The new statistical designs consider all factors simultaneously and hence 
provide the possibility for evaluation of all the effects at once. Modern experimental 
designs have been regarded as the most favorable techniques in covering a wide area of 
practical statistics and obtain unambiguous results with the least expense. Engineers often 
search for the conditions that would optimize the process of interest. To do so they attempt 
to determine the values of the process input parameters at which the responses reach 
their optimum. The optimum could be either a minimum or a maximum of a particular 
function in terms of the process input parameters. RSMs were one of the optimization 
techniques currently widely used to describe the performance of the welding process and 
find the optimum of the responses of interest. 
Response surface methodology is a set of mathematical and statistical techniques that are 
useful for modeling and predicting the response of interest affected by several input 
variables with the aim of optimizing this response. RSM also specifies the relationships 
among one or more measured responses and the essential controllable input factors. If all 
independent variables are measurable and can be repeated with negligible error, the 
response surface can be expressed by: 
y = f(x1, x2, ……, xk)                                                                                                           5.1 
where k is the number of independent variables. 
To optimize the response y, it is necessary to find an appropriate approximation for the 
true functional relationship between the independent variables and the response surface. 
Usually a second-order polynomial is used in RSM as follows: 
 =  +  ∑  
 +  ∑  
 + ∑  

  +                                                                         5.2 
The values of the coefficients b0, bi, bii and bij can be calculated using regression analysis. 
The Prob. > F (sometimes called P-value: a measure of the amount of variation about the 
mean explained by the model) of the model and of each term in the model can be 
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computed by means of ANalysis Of VAriants (ANOVA). If the Prob. > F of the model and 
of each term in the model does not exceed the level of significance (say  = 0.05) then the 
model may be considered adequate within the confidence interval of (1 - ). 
The most popular response surface methodologies are central composite, Box-Behnken, 
and Doehlert designs. Box-Behnken is a response surface design, particularly made to 
require only 3 levels, coded as -1, 0, and +1. This procedure creates designs with 
desirable statistical properties but, most importantly, with only a fraction of the trials 
required for a 3-level factorial. Because there are only 3 levels, the quadratic model is 
appropriate. The number of experiments required for Box-Behnken design can be 
calculated according to N = k2 + k + cp, where k is the factor number and cp is the 
replicate number of the central point. If viewed as a cube (Fig. 5.1), it consists of a central 
point and the middle points of the edges. 
 
Fig.  5.1: The geometry of a Box-Behnken design  
The statistical modeling work was planned to be carried out in the following steps: 
 identifying the important process control variables; 
 finding the upper and lower limits of the control variables, viz. laser power, welding 
speed, and focus position; 
 developing of the design matrix; 
 conducting the experiments as per the design matrix; 
 recording the responses, viz. weld geometry, tensile strength, welding operation 
costs,..; 
 the development of mathematical models; 
 calculating the coefficients of the polynomials; 
 checking the adequacy of the models developed; 
 testing the significance of the regression coefficients, recalculating the value of the 
significant coefficients and arriving at the final mathematical models; 
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 presenting the main effects and the significant interaction effects of the process 
parameters on the responses in two and three dimensional (contour) graphical 
form; and 
 analysis of results. 
5.2 Experimental design 
A three-factor-three-level Box-Behnken statistical design with full replication was used to 
optimize and evaluate main effects, interaction effects and quadratic effects of the CO2 
laser welding on the penetration and width of FZ, tensile strength, limited dome formability 
and laser welding operation costs. Laser beam power, welding speed and focus position 
are the laser independent input variables of the welding process while the depth of 
penetration, bead width, tensile strength, limited dome formability and laser welding 
operation costs are the dependent output variables. Seventeen experimental trials were 
carried out and the output data were recorded 
In order to find the limitation of the process input parameters, trial simulation runs were 
carried out by varying one of the process parameters at a time using BEAMSIM software 
[103]. Statistical software Design-Expert V.8.0.4.1 (Stat-Ease, Minneapolis, MN, USA) was 
used to code the variables and to establish the design matrix. RSM was applied to the 
experimental data using the same software. The statistical significance of the terms in 
each regression equation was examined using the sequential F-test, lack-of-fit test and 
other adequacy measures using the same software to select the best fit. 
5.3 Experimental Work 
Bead on plate butt joints of 2.5 mm DP600 and 1.25 mm TRIP700 steel sheets were 
performed using CO2 LBW. The size of each plate was 160 mm x 70 mm. The plate’s 
edges were prepared to ensure full contact along the weld line during laser welding. 
Absence of visible welding defects and approximately full penetration of TRIP steel sheet 
were the criteria of choosing the working ranges. The experiments were carried out 
according to the design matrix in a random order to avoid any systematic error using a CW 
6 kW CO2 laser. He gas was used as a shielding gas with constant flow rate of 20 l/min. At 
least two transverse specimens were cut from each weldment. Standard metallographic 
was made for each transverse specimen. The bead profile parameters ‘responses’ were 
measured using an optical microscope. The tensile and formability (Erichsen) tests were 
performed according to DIN EN 895:1995 and DIN EN ISO 20482 respectively, as 
discussed in chapter 3. The crosshead speed was constant in all tensile and formability 
testing and equal to 10 mm/min. The average of two measured weld profile parameters, 
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tensile strength and limited dome height were recorded for each response. The 
independent process variables, the goals of experimental measured responses and design 
matrix are shown below in Tables 5.1, 5.2 and 5.3 respectively. 
Variable  Unit Goal 
Code 
low 
-1 
medium 
0 
high 
+1 
Laser power P kW minimize 2 2.1 2.2 
Welding speed S mm/s maximize 40 45 50 
Focus position F mm is in range -1 -0.5 0 
  Table  5.1: Independent process variables and experimental design levels 
Response  Unit Goal 
Heat input HI kJ/mm minimize 
Weld penetration WP mm maximize or as a target 
Weld width WW mm minimize 
Tensile strength TS MPa maximize 
Limited dome height LDH mm maximize 
Welding operation cost Cost €/m minimize 
  Table  5.2: Goals of experimental measured responses 
5.4 Cost analysis 
For optimizing the laser welding process, the operation cost has to be carefully analyzed 
and calculated. For the laser welding machine system used in this study the operating cost 
in general fall within the classification listed in Table 5.4 [104]. The operating costs 
considered in the study included the scheduled and preventive maintenance. The total 
operating cost per unit length per hour of the laser welding as a function of laser power 
and electric power cost per kW is presented in Eq. 5.3. The Eq. 5.5 was derivative for 
calculation of the welding cost of all specimens. 
uÊËÌ =  $.$%%º[(~.&%º.~%Í)Î]/ÐÑ¡ÒÒÒÒ.ÓÔÒÒÕ .[ ÒÖÒÒ]                                                                                          5.3 
The Eq. (5.3) could be rewritten in the following form: 
uÊËÌ =  $.$%%º[(~.&%º.~%Í)Î]~.×Ñ¡                                                                                             5.4 
where: EC = electric power cost, €/kWh 
EC = €0.1435 per kW, at the time of this study (Germany, October 2010) 
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P = laser power, kW 
S = welding speed, mm/s 
η = welding efficiency, when the efficiency = 100 %, the efficiency η = 1 
uÊËÌ =  Ø. º  .$ÙÍ~.×¡                                                                                                               5.5 
Std Run 
Value 
P, 
kW 
S, 
mm/s 
F, 
mm 
01 01 2.0 40 -0.5 
02 08 2.2 40 -0.5 
03 13 2.0 50 -0.5 
04 14 2.2 50 -0.5 
05 04 2.0 45 -1 
06 16 2.2 45 -1 
07 10 2.0 45 0 
08 03 2.2 45 0 
09 05 2.1 40 -1 
10 07 2.1 50 -1 
11 09 2.1 40 0 
12 06 2.1 50 0 
13 11 2.1 45 -0.5 
14 17 2.1 45 -0.5 
15 02 2.1 45 -0.5 
16 15 2.1 45 -0.5 
17 12 2.1 45 -0.5 
  Table  5.3: Design matrix with code independent process variables 
5.5 Development of mathematical models 
5.5.1 Development of mathematical models for heat input and weld bead geometry 
The results of the weld-bead profile were measured according to design matrix using the 
transverse sectioned specimens and the optical microscope mentioned earlier and the 
measured responses are listed in Table 5.5. The measured responses were analyzed by 
the design expert software. 
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Element cost Calculations Welding cost, €/h 
Laser electric power (20.88kVA)(0.8pf)x(EC/kWA)x(P/1.5) 11.135xECxP 
Chiller control power (11.52kVA)(0.8pf)x( EC/kWA) 9.212xEC 
Motion control power (4.8kVA)(0.8pf)x( EC/kWA) 3.840xEC 
Exhaust system power (0.9 kWh)x( EC/kWA) 0.900xEC 
Laser gas  [(€989.79/bottle)/(1500liter/bottle)]x[.1042 
liter/h] 
00.069 
Gas bottle rental € 181.73/720h 00.252 
Chiller additives (€ 284.80 /year)/ (8760 h / year) 00.033 
Shielding gas (He) [(20) liter/min]x[60 min / h]x[€ 11.77x10-3/ 
Liter] 
14.124 
Nozzle tip €5.60/50h 00.112 
Exhaust system filter €7/100h 00.070 
Focus lens (€ 240/lens)/(100h) 01.200 
Maintenance labor 
(with overhead) 
(12h/2000h operation) x (€ 50/h) 
 
00.300 
Total approximated operating cost (€) per hour = 16.16+[(13.952+11.135xP)x EC]/h 
  Table  5.4: Details of the Laser welding operation costs [103]. 
5.5.1.1 Analysis of variance (ANOVA) 
The test for significance of the regression models, the test for significance on individual 
model coefficients and the lack of-fit test were performed using the same statistical 
package. By selecting the step-wise regression method, which eliminates the insignificant 
model terms automatically, the resulting ANOVA Tables 5.6, 5.7 and 5.8 for the reduced 
quadratic or linear models summarize the analysis of variance of each response and show 
the significant model terms. The Tables 5.6, 5.7 and 5.8 show also the other adequacy 
measures R2, adjusted R2 and predicted R2. The entire adequacy measures are close to 1, 
which is in reasonable agreement and indicate adequate models. The adequate precision 
compares the range of the predicted value at the design points to the average prediction 
error. In all cases the value of adequate precision are dramatically greater than 4. The 
adequate precision ratio above 4 indicates adequate model discrimination [81,104, 105]. 
The Table 5.6 shows that the model F-value of 496911.95 implies the model is significant.  
There is only a 0.01% chance that a "Model F-Value" this large could occur due to noise. 
Values of "Prob > F" less than 0.05 indicate model terms are significant.  In this case P, S, 
PS, S2 are significant model terms. The Model F-value of 118.13, as shown in Table 5.7, 
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implies the model is significant.  In this case P and S are significant model terms. Table 
5.8 shows the Model F-value of 21.62 implies the model is significant. In this case P, S, F, 
and F2 are significant model terms.  
Responses 
Weld profile geometry Mechanical properties 
Std 
HI, 
kJ/mm 
WP, 
mm 
WW, 
mm 
TS, 
MPa 
LDH, 
mm 
Cost, 
€/m 
01 40.000 1.62 1.08 789 5.22 0.145 
02 44.000 2.41 1.36 801 5.68 0.147 
03 32.000 0.98 1.04 763 7.01 0.116 
04 35.200 1.83 1.09 768 8.17 0.118 
05 35.556 1.12 1.30 766 4.85 0.129 
06 39.111 2.32 1.52 781 6.81 0.131 
07 35.556 1.22 1.07 769 5.11 0.129 
08 39.111 2.43 1.23 785 6.97 0.131 
09 42.000 2.26 1.54 793 5.91 0.146 
10 33.600 1.35 1.16 762 7.33 0.117 
11 42.000 2.33 1.26 797 6.01 0.146 
12 33.600 1.31 1.02 766 7.25 0.117 
13 37.333 1.72 1.13 770 6.76 0.130 
14 37.333 1.69 1.16 772 6.19 0.130 
15 37.333 1.78 1.09 777 6.31 0.130 
16 37.333 1.81 1.17 773 6.57 0.130 
17 37.333 1.65 1.03 775 5.28 0.130 
  Table  5.5: Experimental measured responses 
In the Tables 5.6, 5.7 and 5.8, the "Pred R-Squared" of 1.00 or close to 1.00 is in 
reasonable agreement with the "Adj R-Squared" of 1.00 or close to 1.00. "Adeq Precision" 
measures the signal to noise ratio.  A ratio greater than 4 is desirable. From Table 5.6, the 
ratio of 2403.696 indicates an adequate signal. This model can be used to navigate the 
design space. This behavior is also correct for the other tables for WP and WW, Tables 
5.7 and 5.8. 
The analysis of variance indicates that for the heat input model, the main effect of the laser 
power (P), welding speed (S), the second order effect of welding speed (S2) and the two 
level interaction of laser power and welding speed (PS) are the most significant model  
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Source Sum of squares df Mean square F-value Prob > F 
Model 167.8 4 41.95 4.97E+05 < 0.0001 Sign. 
P (Power) 25.6 1 25.6 3.03E+05 < 0.0001 
S (Speed) 141.12 1.0 141.120 1.67E+06 < 0.0001 
PS 0.16 1.0 0.160 1895.26 < 0.0001 
S2 0.92 1.0 0.920 10930.8 < 0.0001 
Residual 0.001.01 12.0 0.000 
Lack of Fit 0.001.01 8.0 0.000 
Pure Error 0 4.0 0.000 
Cor Total 167.8 16.0 
R-Squared 1 Adj R-Squared 1 
Pred R-Squared 1 Adeq Precision 2403.696 
  Table  5.6: ANOVA for heat input (HI) reduced quadratic model 
Source Sum of squares df Mean square F-value Prob > F 
Model 3.29 2.0 1.650 118.13 < 0.0001 Sign. 
P (Power) 2.05 1.0 2.050 147.20 < 0.0001 
S (Speed) 1.24 1 1.24 89.05 < 0.0001 
Residual 0.19 14 0.014 
Lack of Fit 0.18 10 0.018 4.19 0.09 
Pure Error 0.017 4 4250 
Cor Total 3.49 16 
R-Squared 0.9441 Adj R-Squared 0.9361 
Pred R-Squared 0.905 Adeq Precision 36.307 
  Table  5.7: ANOVA for penetration (WP) reduced linear model 
terms associated with heat input. Secondly for the penetration model, the analysis 
indicated that there is a linear relationship between the main effects of the parameters. 
Also, in case of welded zone width model the main effect of laser power (P), welding 
speed (S), focused position (F) and the second order effect of the focused position (F2) are 
significant model terms. However, the main effect of welding speed (S) and the main effect 
of focused position (F) are the most significant factors associated with the welded zone 
width. 
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Source Sum of squares df Mean square F-value Prob > F 
Model 0.36 4 0.09 21.62 < 0.0001 Sign. 
P (Power) 0.063 1 0.063 15.2 0.0021 
S (Speed) 0.11 1 0.11 26.1 0.0003 
F (Focal Position) 0.11 1.0 0.110 26.7 0.0002 
F2 0.077 1.0 0.077 18.55 0.0010 
Residual 0.05 12.0 0.004 
Lack of Fit 0.037 8.0 0.005 1.4 0.40 not sign. 
Pure Error 0.013 4.0 0.003 
Cor Total 0.41 16.0 
R-Squared 0.878 Adj R-Squared 0.8376 
Pred R-Squared 0.7374 Adeq Precision 16.426 
  Table  5.8: ANOVA for weld width (WZ width) reduced quadratic model 
The final mathematical models in terms of coded factors as determined by design expert 
software are shown below: 
HI (Heat Input) = 37.33 + 1.79 * P - 4.20 * S - 0.20 * P * S + 0.47 * S2                                                       5.6 
WP (Penetration) = 1.75 + 0.51* P - 0.39 * S                                                                              5.7 
WW (weld width) = 1.13 + 0.089 * P - 0.12 * S - 0.12 * F + 0.13 * F2                                                 5.8 
While the following final empirical models in terms of actual factors: 
HI (Heat Input) = 37.57847 + 35.8875 * P - 1.6804 * S  - 0.4 * P *S   + 0.018671 * S2        5.9 
WP (Penetration) = - 5.33279 + 5.06250 * P - 0.078750 * S                                           5.10  
WW (weld width) = - 0 .3275 + 0.8875 * P - 0.02325 * S + 0.30389 * F + 0.53889 * F2   5.11 
5.5.1.2 Validation of the models 
Figs. 5.2, 5.3 and 5.4 show the relationship between the actual and predicted values of HI, 
WP and WW respectively. These figures indicate that the developed models are adequate 
because the residuals in prediction of each response are minimum, since the residuals 
tend to be close to the diagonal line. Furthermore, to verify the adequacy of the developed 
models, three confirmation experiments were carried out using new test conditions, but are 
within the experiment range defined early. Using the point prediction option in the 
software, the HI, WP and WW of the validation experiments were predicted using the 
previous developed models. Table 5.9 summarizes the experiments condition, the actual 
experimental values, the predicted values and the percentages of error. 
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Fig.  5.2: Scatter diagram of HI 
 
Fig.  5.3: Scatter diagram of WP 
 
Fig.  5.4: Scatter diagram of WW 
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Exp. 
No. 
P, 
kW 
S, 
mm/s 
F, 
mm 
WP, 
mm 
|E|, 
% 
WW, 
mm 
|E|, 
% 
Act. Pred, Act. Pred, 
1 2.05 40 -1.2 1.85 1.90 2.45 1.07 0.97 9.05 
2 2.10 43 -1.0 2.02 1.91 5.34 0.87 0.77 11.32 
3 2.15 50 -1.2 1.77 1.61 8.81 0.91 0.83 8.85 
  Table  5.9: Confirmation experiments of the HI, WP and WW responses 
5.5.1.3 Effect of process factors on heat input and weld-bead geometry 
Heat input (HI): The heat input is directly related to the laser power, the welding speed and 
welding efficiency. It can be calculated directly from heat input = (P/S)η, where η is the 
welding efficiency. From Figs. 5.5 and 5.6 it is evident that as the P increases and the S 
decreases the heat input increases. 
 
Fig.  5.5: 3D graph of effects of P and S on HI 
Weld Penetration (WP): From the results it is clear that the P and S parameters are 
significantly affecting the penetration (WP). These effects are due to the following: the 
increase in (P) leads to an increase in the heat input, therefore, more molten metal and 
consequently more (WP) will be achieved. However, the idea is reversed in the case of 
welding speed (S) effect, because the welding speed (S) matches an opposite with the 
heat input. To achieve maximum (WP) the laser power has to be maximum with focused 
beam (i.e. F = 0) while (S) has to be minimum. Figs. 5.7 and 5.8 show the effect of 
process parameters on the weld penetration. 
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Fig.  5.6: Contour graph of effects of P and S on HI 
 
Fig.  5.7: 3D graph of effects of P and S on WP 
 
Fig.  5.8: Contour graph of effects of P and S on WP 
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Welded zone width (WW): The results indicate that the welding speed (S) and focused 
position (F) are the most important factors affecting the welded zone width (WW). An 
increase in welding speed (S) leads to a decrease in (WW). This is due to the laser beam 
travelling at high speed over the welding line when (S) is increased. Therefore the heat 
input decreases leading to less volume of the base metal being melted, consequently the 
width of the welded zone decreases. Therefore, wide area of the base metal will melt 
leading to an increase in (WW) or vice versa. The results also show that laser power (P) 
contributes the secondary effect in the WZ width dimensions. An increase in (P) results in 
slight increase in the (WW) because of the increase in the power density. Figs. 5.9, 5.10, 
5.11 and 5.12 show the effect of process parameters on the weld width (WW). 
 
Fig.  5.9: Perturbation plots of effects of P’‘A’’, S ‘’B’’ and F ‘’C’’ on WW 
 
Fig.  5.10: 3D graph of effects of P and S on WW 
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Fig.  5.11: Contour graph of effects of P and S on WW 
 
Fig.  5.12: Contour graph of effects of F and S on WW 
5.5.2 Development of mathematical model for tensile strength (TS) 
The tensile strength is one of the most important mechanical properties in the evaluation of 
dissimilar components welding. Using Box-Behnken design and designed welding 
parameters presented in Table 5.3, the joint strength for the specimens was determined 
according to DIN EN 895:1995. The average result of two or more tensile test samples 
were tested and presented in Table 5.5. The tested result had been analyzed using 
Design Expert 8.0.4.1 software. 
The fit summary output indicates that the reduced quadratic model which is developed by 
the software is statistically significant for the prediction of the tensile strength, therefore it 
will be used for further analysis. It has been seen from the achieved results that the tensile 
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strength is mostly affected by laser power and welding speed. Focusing position has not a 
strong effect on the responses. 
5.5.2.1 Analysis of variance (ANOVA) 
Analysis of the effects on the welding parameters in more detail was carried out using 
analysis of variance with implementing the backward elimination regression method 
(ANOVA) using Design Expert 8.0.4.1 software. The analysis results for the reduced 
quadratic model which is suggested by the software for the calculated tensile values are 
shown in Table 5.10. High F- value for a parameter means that the parameter effect on 
the joints characteristics is large. The results show that the highest value Fv is at a welding 
speed of about 214, but that at the laser power is equal to 33.7, which means that power 
has less effect on the process. Other model adequacy measures R2, adjusted R2 and 
predicted R2 are presented in the same table. All the adequacy measures indicate an 
adequate quadratic model. The adequate precision is 29.812, indicating adequate model 
discrimination. 
Source Sum of squares df Mean square F-value Prob > F 
Model 2243.03 3 747.68 87.59 < 0.0001 Sign. 
P (Power) 288 1 288 33.7 < 0.0001 
S (Speed) 1830.12 1 1830.12 214 < 0.0001 
S2 124.9 1.0 124.900 14.6 0.00210 
Residual 110.97 13.0 8.540 
Lack of Fit 72.17 9.0 8.020 0.83 0.63 not sig. 
Pure Error 38.8 4.0 9.700 
Cor Total 2350 16.0 
R-Squared 0.9529 Adj R-Squared 0.940 
Pred R-Squared 0.9173 Adeq Precision 29.812 
  Table  5.10: ANOVA for TS reduced quadratic model 
The developed reduced quadratic mathematical model in terms of coded factors and 
actual values are exhibited as follows: 
Final tensile strength equation in terms of coded factors: 
TS = 774.44 + 6 * P -15.12 * S + 5.43 * S2                                                                                                          5.12 
Final tensile strength equation in terms of actual factors: 
TS = 1224.44444 + 60 * P - 22.575 * S + 0.21722 * S2                                                                             5.13 
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For the tensile strength the developed quadratic model, the analysis of variance indicates 
that welding speed ‘S’ is the stronger welding parameter affecting the responses.  
5.5.2.2 Model validation 
Fig. 5.13 shows the actual measured tensile strength versus predicted tensile strength 
values. From the figure it can be seen that the measured values tend to be close to the 
diagonal linear, indicating that the model can adequately describe the response within the 
limits of the factors being investigated herein. Furthermore, three extra experiment 
conformations were carried out using test conditions which are selected within considered 
range of the parameters. Table 5.11 shows the actual and predicted values of the 
response and the percentage of error in prediction. 
 
Fig.  5.13: Scatter diagram of TS 
Exp. 
No. 
P, 
kW 
S, 
mm/s 
F, 
mm 
TS, 
MPa |E|, % 
Act. Pred, 
1 2.05 40 -1.2 804 792 1.49 
2 2.10 43 -1.0 795 781 1.72 
3 2.15 50 -1.2 781 768 1.66 
  Table  5.11: Confirmation experiments of the TS response 
5.5.2.3 Effect of the parameters on tensile strength 
Laser Power: High power density at the workpiece is crucial to achieve keyhole welding 
and to control the formation of welds. It can be seen that the laser power also has a strong 
effect on the tensile strength of the laser-welded joint. In fact, the higher laser power 
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resulted in a higher response value, due to the fact that using high laser power would 
increase the power density. This leads to more penetration resulting in an improved 
response. Fig. 5.14 shows a 3D graph of the effect of P and S on the tensile strength at F 
= 0.0 mm. 
Welding speed: It is evident from the results that the welding speed is the most significant 
factor associated with the response. The highest tensile strength value was observed to be 
at a speed of 40 mm/s. It is evident that by increasing welding speed the response would 
decrease. The tensile strength is inversely proportional to the welding speed as shown in 
Fig. 5.15. 
 
Fig.  5.14: 3D graph of effects of P and S on TS 
 
Fig.  5.15: Contour graph of effects of P and S on TS 
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5.5.3 Development of mathematical model for limited dome height (LDH) 
LDH is one of the most important mechanical properties during characterization of the 
steel sheets. LDH is strongly influenced by welding techniques and parameters. Using 
Box-Behnken design and designed welding parameters presented in Table 5.3, the joint 
strength for the specimens was determined according to DIN EN 895:1995. The average 
result of two or more tensile test samples were tested and presented in Table 5.5. The 
tested result had been analyzed using Design Expert 8.0.4.1 software. 
The fit summary output indicates that the reduced linear model which is developed by the 
software is statistically significant for the prediction of the LDH therefore it will be used for 
further analysis. It has been seen from the achieved results that the LDH is mostly affected 
by laser power and welding speed. Focusing position has no significant effect on the 
responses. 
5.5.3.1 Analysis of variance (ANOVA) 
Analysis of the effects on the welding parameters in more detail was carried out using 
analysis of variance with implementing the backward elimination regression method 
(ANOVA) using Design Expert 8.0.4.1 software. The analysis results for the reduced 
quadratic model which is suggested by the software for the calculated tensile values are 
shown in Table 5.12. High F- value for a parameter means that the parameter effect on 
the joints characteristics is large. The results show that the highest value F at a laser 
power of about 18.34 but that at the welding speed is equal to 29.85, which means that 
power has less effect on the process. Other model adequacy measures R2, adjusted R2 
and predicted R2 are presented in the same table. All the adequacy measures indicate an 
adequate linear model. The adequate precision is 14.207, indicating adequate model 
discrimination. 
The developed reduced quadratic mathematical model in terms of coded factors and 
actual values is exhibited as follows: 
Final equation in terms of coded factors: 
LDH = 6.09 + 0.68 * P + 0.87 * S + 0.48 * S2                                                                  5.14 
Final equation in terms of actual factors:  
LDH = 22.72944 + 6.8 * P – 1.5475 * S + 0.019122 * S2                                                5.15 
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Source Sum of squares df Mean square F-value Prob > F 
Model 10,69 3 3.56 17.66 < 0.0001 Sign. 
P (power) 3.7 1 3.70 18.34 0.0009 
S (speed) 6.02 1 6.02 29.85 0.0001 
S2 0.97 1 0.97 4.8 0.0473 
Residual 2.62 13 0.20 
Lack of Fit 1.32 9 0.15 0,45 0.8545 
Pure Error 1.31 4 0.33 
Cor Total 13.31 16 
R-Squared 0.80 Adj R-Squared 0.76 
Pred R-Squared 0.67 Adeq Precision 14.207 
  Table  5.12: ANOVA for LDH reduced quadratic model 
5.5.3.2 Model validation 
Fig. 5.16 shows the actual measured LDH versus predicted LDH values. From the figure, 
it can be seen that the measured values tend to be close to the diagonal linear, indicating 
that the model can adequately describe the response within the limits of the factors being 
investigated herein. Furthermore, three extra experiment conformations were carried out 
using test conditions which are selected within considered range of the parameters. Table 
5.13 shows the actual and predicted values of the response and the percentage of error in 
prediction. 
 
Fig.  5.16: Scatter diagram of LDH 
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Exp. 
No. 
P, 
kW 
S, 
mm/s 
F, 
mm 
LDH, 
mm |E|, % 
Act. Pred, 
1 2.05 40 -1.2 5.02 5.36 6.87 
2 2.10 43 -1.0 6.13 5.82 5.00 
3 2.15 50 -1.2 7.53 7.78 3.31 
 Table  5.13: Confirmation experiments of the LDH response 
5.5.3.3 Effect of the parameters on LDH 
Laser Power: High power density at the workpiece is crucial to achieve keyhole welding 
and to control the formation of welds. It can be seen that the laser power also has a strong 
effect on LDH of the laser-welded joint. In fact, the higher laser power resulted in a higher 
response value, due to the fact that using high laser power would increase the power 
density. This leads to more penetration resulting in an improved response. Fig. 5.17 
shows a 3D graph of the effect of P and S on the tensile strength at F = 0.0 mm. 
Welding speed: Formability was higher for higher welding speed, as an increase in welding 
speed led to reduce specific energy input and faster cooling after passage of the laser 
beam. The LDH is inversely proportional to the welding speed as shown in Fig. 5.18. 
 
Fig.  5.17: 3D graph of effects of P and S on LDH 
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Fig.  5.18: Contour graph of effects of P and S on LDH 
5.5.4 Development of mathematical models for welding costs (cost) 
The operating costs for joining the above mentioned dissimilar materials were calculated 
using Eq. 5.5. The mathematical model was developed to minimize the operating costs. 
Same procedure was followed to check the model adequacy. The analysis results are 
shown in Table 5.14 for the reduced quadratic model which is suggested by software for 
the received result of the welding operating costs. The same table shows the other 
adequacy measures R2, adjusted R2 and predicted R2. All the adequacy measures indicate 
an adequate quadratic model.  
Source Sum of 
squares df Mean square F-value Prob > F 
Model 1.69E-03 2 8.45E-04 1241.42 < 0.0001 Sig 
P 8.00E-06 1 8.00E-06 11.75 0,0041 
S 1.68E-03 1 1.68E-03 2471.09 < 0.0001 
Residual 9.53E-06 14 6.81E-07 
Lack of Fit 9.53E-06 10 9.53E-07 
Pure Error 0 4 0 
Cor Total 1.70E-03 16 
R-Squared 0.9944 Adj R-Squared 0.9936 
Pred R-Squared 0.9912 Adeq Precision 89.445 
 Table  5.14: ANOVA for cost reduced linear model 
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The adequate precision of 89.445 indicates adequate model discrimination. The developed 
linear mathematical model in terms of coded factors and actual values are exhibited as 
follows: 
Final operating welding cost equation in terms of coded factors: 
Cost = 0.13 + 1.00E-03 * P - -0.015 * S                                                                          5.16  
Final operating welding cost equation in terms of actual factors: 
Cost = 0.24021 + 1.00E-02 * P - 2.90E-03 * S                                                                5.17 
The actual measured costs versus predicted cost values are shown in Fig. 5.19. Figs. 
5.20 and 5.21 show the effect of laser power and welding speed on the laser operation 
costs. 
 
Fig.  5.19: Scatter diagram of costs 
 
Fig.  5.20: 3D graph of effects of P and S on costs 
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Fig.  5.21: Contour graph of effects of P and S on costs 
5.6 Models Optimization 
The optimization module in design-expert searches for a combination of factor levels that 
simultaneously satisfy the requirements placed (i.e. optimization criteria) on each of the 
responses and process factors (i.e. multiple response optimization). 
Numerical and graphical optimization methods were used in this work by choosing the 
desired goals for each factor and response. The optimization process involved combining 
the goals into an overall desirability function. The numerical optimization finds a point or 
more that maximize this function. While in the graphical optimization with multiple 
responses it needs to define regions where requirements simultaneously meet the 
proposed criteria, superimposing or overlaying critical response contours on a contour plot. 
Then, visual search for the best compromise becomes possible. In case of dealing with 
many responses, it is recommended to do numerical optimization first, otherwise you may 
find it impossible to uncover a feasible region. The graphical optimization displays the area 
of feasible response values in the factor space [75, 77]. Regions that do not fit the 
optimization criteria are shaded. Fig. 5.22 shows the flowchart of the optimization steps. 
5.6.1 Single -response optimization 
The developed models were used for optimizing the welding input parameters. The 
optimizations were calculated for each model separately without taking the other 
responses into consideration. This is to convene practical demand for certain mechanical 
properties in industrial applications. The achieved results were based on the criteria 
presented in Table 5.15. In the same table, the selected importance of each factor is 
presented. The selected importance greatly affects the result and it is essential to select it 
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correctly. The numerical optimization results based on individual response calculation are 
presented in Table 5.16. 
 
Fig.  5.22: The flowchart of optimization steps  
 Parameters Responses 
 
P, 
kW 
S, 
mm/s 
F, 
mm 
WP, 
mm 
TS, 
MPa 
LDH, 
mm 
Cost, 
€/m 
Criteria min max In range max max max min 
Importance +++ +++  +++++ +++++ +++++ +++++ 
Table  5.15: The optimization criteria for input/output welding parameters 
Parameter P, min S, max F, in range Response value Desirability 
WP, mm 2.1 46 0 1.7 0.52 
TS, MPa 2.0 42 -0.7 779.105 0.45 
LDH, mm 2.0 50 -0.2 6.89 0.78 
Cost, €/m 2.0 50 -0.5 0.115 1.00 
Table  5.16: The numerical optimization results based on individual response 
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5.6.2 Multiple –response optimization 
In practical industrial applications a total optimization may be desired, for this reason a 
multiple-response could be a solution. Multiple-response (all input/output welding 
parameters) optimization can be achieved using the optimization process in the Design-
Expert software in the search for a combination of factor levels that simultaneously satisfy 
the requirements placed (i.e. optimization criteria) on each one of the input/output welding 
parameters. The goals are combined into an overall desirability function and the 
optimization performed can be numerical and/or graphical optimization. Numerical and 
graphical optimization methods were used in this research by selecting the desired goals 
for each factor and response.  
5.6.2.1 Numerical Optimization 
The numerical optimization process involves combining the goals into an overall 
desirability function (D). For numerically optimizing the input/output welding parameters, 
three optimization criteria were selected. For each criterion a multiple-response 
optimization was considered to optimize all the input/output welding parameters. Each 
optimization criteria is made to be different from the other by changing the parameters 
weight, giving each parameter a certain weight (from 0.1 to 10) to emphasize a parameter 
influence on the process optimization or by changing the parameters important which is 
ranged between (+ to + + + + +). 
The numerical multiple-response optimization criterion is to reach maximum tensile 
strength, maximum LDH, minimum welding pool geometry and minimum welding operating 
cost with minimizing laser power and maximizing welding speed while focus position was 
kept in range.  
 In the first optimization criteria all the parameters received the same importance (+ 
+ +) and same weight (1) as per the Design Expert software default.  
 In the second criteria a different weight was assigned for each parameter as 
presented in Table 5.17, while the importance for each parameter was kept the 
same as (+ + +).  
 In the third criteria the importance was changed for welding parameters while the 
weight was kept as per the software default.  
All the decided welding optimization criteria and the resultant optimizations are presented 
in Table 5.17. The result presented in Table 5.17 at each criterion is selected from the ten 
or more different optimum result calculated by software based on the selected criterion. 
The effect of changing the criteria on the optimization result is shown in Table 5.17 and 
from this table by applying the first criteria the tensile strength value will reach up to 767 
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MPa while by applying the second criteria the tensile strength will be around 770 MPa. If 
the target is only to maximize the tensile strength regarding less the other parameters than 
the response value will be greater than the received values and this is true for each 
response individually optimized. 
The welding geometries were not assigned high weight or high importance since they are 
not direct targets for the optimization, they are indirectly affected by the welding quality. 
The welding cost was reduced to around 11.7 cent in the three criteria comparing to the 
values presented in Table 5.5, in which a maximum of 14.7 cent was reached. Also, the 
welding speed is maximum or nearly maximum (50 mm/min) in all optimization criteria 
which leads to increasing production rate. The welding costs are almost the same in all the 
criteria because they received the highest importance rate and highest weight in all three 
criteria. However, the achieved values for the responses using multiple-response 
optimization are less than those values obtained by applying the single-response 
optimization.  
5.6.2.2 Graphical optimization 
In a graphical optimization with multiple responses, the software defines regions where 
requirements simultaneously meet the proposed criteria. Also, superimposing or 
overlaying critical response contours can be defined on a contour plot. Then, a visual 
search for the best compromise becomes possible. The graphical optimization displays the 
area of feasible response values in the factor space. The overlay plots in Figs. 5.23, 5.24 
and 5.25 shows that the graphical optimization allows visual selection of the optimum 
welding conditions according to certain criterion. The results of the graphical optimization 
are the overlay plots, these types of plots are extremely practical for quick technical use in 
the workshop to choose the values of the welding parameters that would achieve certain 
response value for this type of dissimilar materials. The yellow /shaded areas on the 
overlay plot in Figs. 5.23, 5.24 and 5.25 are the regions that meet the proposed criteria.
5 
St
a
tis
tic
al
 
m
o
de
lin
g 
pr
oc
ed
u
re
s,
 r
e
su
lts
 a
nd
 
di
sc
u
ss
io
n
 
11
3 
  
 
W
el
di
ng
 p
ar
am
et
er
 
R
es
po
ns
es
 
D
es
ira
bi
lit
y 
P 
S 
F 
H
I 
W
P 
W
W
 
TS
 
LD
H
 
Co
st
 
G
oa
l 
m
in
 
m
a
x 
In
 ra
ng
e
 
m
in
 
m
a
x 
m
in
 
m
a
x 
m
a
x 
m
in
 
Cr
ite
ria
 
W
* 
I* 
W
* 
I* 
W
* 
I* 
W
* 
I* 
W
* 
I* 
W
* 
I* 
W
* 
I* 
W
* 
I* 
W
* 
I* 
 
Fi
rs
t c
rit
er
ia
 
1 
+
+
+
 
1 
+
+
+
 
 
 
1 
+
+
+
 
1 
+
+
+
 
1 
+
+
+
 
1 
+
+
+
 
1 
+
+
+
 
1 
+
+
+
 
 
R
es
ul
t 
2.
1 
50
 
-
0.
3 
34
 
1.
6 
1.
03
 
76
7 
7.
74
 
0.
11
7 
0.
56
9 
Se
co
nd
 
cr
ite
ria
 
0.
5 
+
+
+
 
5 
+
+
+
 
 
 
0.
5 
+
+
+
 
5 
+
+
+
 
0.
5 
+
+
+
 
5 
+
+
+
 
5 
+
+
+
 
0.
5 
+
+
+
 
 
R
es
ul
t 
2.
2 
50
 
 
-
0.
3 
35
 
1.
8 
1.
07
 
77
0 
8.
02
 
0.
11
7 
0.
21
2 
Th
ird
 c
rit
er
ia
 
1 
+
 
1 
+
+
+
 
 
 
1 
+
+
+
 
1 
+
+
+
 
1 
+
+
 
1 
+
+
+
+
+
 
1 
+
+
+
+
+
 
1 
+
+
+
+
+
 
 
R
es
ul
t 
2.
2 
50
 
-
0.
3 
35
 
1.
8 
1.
06
 
76
9 
8.
00
 
0.
11
7 
0.
60
1 
*
W
: 
w
e
ig
ht
  a
nd
 I:
 im
po
rta
nc
e
 
P:
 la
se
r p
ow
e
r,
 S
: 
w
e
ld
in
g 
sp
ee
d,
 F
: 
Fo
cu
s 
po
sit
io
n,
 H
I: 
he
a
t i
np
u
t, 
W
P:
 w
e
ld
 b
ea
d 
pe
n
et
ra
tio
n,
 W
W
: 
w
e
ld
 b
ea
d 
wi
dt
h,
 T
S:
 te
ns
ile
 s
tre
n
gt
h 
a
n
d 
LD
H:
 lim
ite
d 
do
m
e 
he
ig
ht
 
m
in
: 
m
in
im
u
m
 a
n
d 
m
ax
: 
m
a
xim
u
m
 
Ta
bl
e 
 5.
17
: T
he
 o
pt
im
iza
tio
n 
cr
ite
ria
 a
nd
 
o
pt
im
iz
at
io
n 
re
su
lts
 u
sin
g 
n
u
m
er
ic
al
 
m
u
lti
pl
e
-
re
sp
on
se
 
114 5 Statistical modeling procedures, results and discussion 
 
Fig.  5.23: Overlay plot shows the region of the optimal welding condition (1st criterion) 
 
Fig.  5.24: Overlay plot shows the region of the optimal welding condition (2nd criterion) 
 
Fig.  5.25: Overlay plot shows the region of the optimal welding condition (3rd criterion) 
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5.7 Summary 
In this chapter, the CO2 LBW of DP600/TRIP700 steel sheets has been experimentally 
studied and statistically analyzed and the following points are generally presented: 
1. The mathematical models developed can adequately predict the responses within 
the factors domain. 
2. By means of a DoE inspired by the Box-Behnken approach, it is possible to achieve 
the best operating parameter window and then develop models to control the 
welding parameters. 
3. The welding speed is the most significant parameter during CO2 LBW of DP/TRIP 
steel sheets. 
Mathematical models for the mechanical properties and cost per meter welded were 
developed using DOE with Box-Behnken optimization to predict or optimize each response 
separately or more than one response simultaneously (numerically or graphically).  
The developed models could be used for mass production for computerized welding 
process by programming them into a CNC (computer numerical controlled) laser welding 
machine. 
A similar welding process model for materials other than DP and TRIP steels, such as 
stainless steels, aluminum alloys, nickel base alloys or any other ferrous/ferrous, 
nonferrous/nonferrous or ferrous/nonferrous materials could be developed through the 
same approach as proposed here with the same experimental procedure.
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Experimentally, the basic characteristics of CO2 laser welding of DP600/DP600, 
TRIP700/TRIP700 and DP600/TRIP700 steel sheets, such as microhardness, tensile 
properties and formability, with different welding speeds were investigated. The following 
results were obtained: 
1. Hardness reached the maximum value at the weld metal as well as in the HAZ 
near the weld metal and decreased when approaching the base metal. The 
martensite structure allows the weld metal and HAZ near the weld metal to have 
the maximum hardness, and the decrease in the hardness of HAZ near the base 
metal results from relatively soft ferrite having a low hardness. 
2. In a tensile test perpendicular to the weld axis, all specimens were fractured at 
the base metal in DP600/DP600 and TRIP700/TRIP700 steel weldments while 
fractured at TRIP700 steel sheet in DP600/TRIP700 steel weldments, and both 
yield strength and tensile strength in all studied welding speeds were somewhat 
higher than those of base metals as a result to the absence of soft HAZs and the 
formation of martensite in all the weldments. 
3. Compared to the base metals, a decrease in formability was observed for all 
weldments and the formability increased with increasing welding speed 
(reducing the heat input). A different failure path was observed between two 
base metals even with similar dome height because of the different deformation 
sensitivity of DP and TRIP steels into rolling direction. 
4. CO2 LBW process of DP600/TRIP700 steel sheets was strongly influenced by 
changing shielding gas types and speed. Where the ability of shielding gas in 
removing plasma plume and thus increasing weld penetration is influenced by 
the ionization potential and atomic weight of the shielding gas which determine 
the period of plasma formation and disappearance.  
5. Helium was better than argon as a shielding gas for achieving the penetration 
and formability for CO2 LBW of DP600/TRIP700 steel sheets, but economically, 
it is more expensive. So it is important to make a correlation between the 
shielding gas price and the desired properties. 
The CO2 LBW is a very successful process for butt joining of dual phase (DP600) and 
transformation induced plasticity (TRIP700) steel sheets because of the very narrow HAZs 
were resulted in all the weldments and the highest welding speed can be achieved. 
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The reduction of stretch formability (Erichsen test) of DP/DP, TRIP/TRIP and DP/TRIP 
steel sheets due to the laser welding may be improved using post heat treatments or using 
dual beam laser welding to reduce the cooling rates resulted during the laser welding 
process. 
 
Numerically, the LBW process of DP600/TRIP700 steel sheets is successfully numerically 
simulated using the FE code SYSWELD 2010 v12.0, the following points are concluded: 
1. 3D Gaussian distribution heat source model with a conical shape gives a good 
description for the heat input during the welding process. 
2. The temperature distributions are quickly changed during the welding process 
with the variety of time and space (x, y and z). This is considered one of the 
main characteristics for the laser welding process because of the high value of 
laser welding speed in compared to the other welding processes. 
3. A very large tensile longitudinal residual stress occurs near the weld bead, and a 
compressive stress appears away from the weld bead.  
4. The simulation of stretch formability (Erichsen test) for the DP600/TRIP700 steel 
weldments is achieved by the software code Abaqus v6.9-1. There are good 
agreements between the experimental- and FE- results when considering the 
following points: HAZ properties, Swift and El-Magd models as plastic behavior 
(hardening) criteria of DP600 and TRIP700 base metals respectively and finally 
von Mises model as yielding criteria. 
The welding process causes a highly non-uniform heating of the parts being joined, which 
are then cooled down. The local heating and subsequent cooling induces volumetric 
changes producing temporary and residual stresses and deformation. This heating cycle 
causes local cyclic tension/compression behavior in plastic zones and the rate of stress 
change is proportional to the temperature gradient ahead of the source. Information about 
the shape, dimensions and residual stresses in a component after welding are of great 
interest in order to improve quality and to prevent failures during manufacturing or in 
service. 
Experimentally, the characterization and optimization of the material and deformation 
behavior of welded structures can be done by trial and error. But this procedure is very 
expensive, time consuming and not suitable to separate the influence of different 
parameters on the welding result. By the nature of welding, it is impossible to analyze 
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these effects of e.g. phase transformations or other material properties on distortions and 
residual stresses. 
In contrast to the experimental procedure, the simulation of the welding process using 
finite elements is able to separate the influence of each welding parameter and to provide 
a detailed understanding of the various effects on distortions and residual stresses while 
welding. 
 
Statistically, the CO2 LBW of DP600/TRIP700 steel sheets has been experimentally 
studied and statistically analyzed and the following points are generally concluded: 
1. The mathematical models developed can adequately predict the responses 
within the factors domain. 
2. By means of a DoE inspired by the Box-Behnken approach, it is possible to 
achieve the best operating parameter window and then develop models to 
control the welding parameters. 
3. The welding speed is the most significant parameter during CO2 LBW of 
DP/TRIP steel sheets. 
Mathematical models for the mechanical properties and cost per meter welded were 
developed using DOE with Box-Behnken optimization to predict or optimize each response 
separately or more than one response simultaneously (numerically or graphically).  
The developed models could be used for mass production for computerized welding 
process by programming them into a CNC (computer numerical controlled) laser welding 
machine. 
A similar welding process model for materials other than DP and TRIP steels, such as 
stainless steels, aluminum alloys, nickel base alloys or any other ferrous/ferrous, 
nonferrous/nonferrous or ferrous/nonferrous materials could be developed through the 
same approach as proposed here with same experimental procedure. 
 
It will be a future task to experimentally investigate the effects of post heat treatments 
and/or dual beam laser welding on the formability of laser welding of DP/DP, TRIP/TRIP 
and DP/TRIP steel sheets and to experimentally compare the CO2 LBW with other welding 
processes such as metal inert gas (MIG), tungsten inert gas (TIG), resistance seam 
welding for the DP600 and TRIP 700 steel sheets. 
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Also it is forward-looking to carry out the numerical simulation of the influences of shielding 
gases on laser weldability of TWBs of advanced high strength steels in the next work.  
The use of Box-Behnken approach optimization technique for more different dissimilar 
materials which are important for many economic and industrial applications and for 
utilization in different welding techniques is considered another scope for the next work. 
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